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ABSTRACT
The addition of a microelectrode Of platinum to a lead 
anode polarised in sodium chloride solutions fundamentally 
alters the anodic behaviour.
A detailed study has been made of the behaviour of lead- 
platinum bielectrodes in aqueous chloride electrolytes over a 
range of concentrations using galvanostatic, potentiostatic 
and microscopic techniques. In addition, studies have been made 
of lead, platinum and lead peroxide individually in sodium 
chloride solutions.
It is considered that a platinum microelectrode on the 
surface of a lead anode limits the extent of formation of lead 
chloride and provides a suitable surface for the nucleation of' 
lead peroxide. Subsequent formation of lead peroxide occurs 
over the surface of the previously formed lead chloride, the 
platinum and lead peroxide being in electrical contact. When 
the anode is completely covered with a film of lead peroxide, 
further passage of charge results in the conversion of the under­
lying layer Of lead chloride to lead peroxide until the lead and 
lead peroxide are in contact, but this occurs slowly since 
the predominant electrode process at this stage is the discharge 
of chlorine at the microelectrode and on the lead peroxide.
It has been shown that lead peroxide will only form and 
propagate satisfactorily within the range 0-l-l*3M NaCl, the 
lower limit being associated with the fact that lead will not 
passivate to sufficiently high potentials in solutions of 
sodium chloride below this concentration. It is believed that 
a number of factors are responsible for precluding the 
formation of lead peroxide at concentrations greater than 1*3M 
since it was found that (a) lead peroxide is attacked when made — 
anodic in high concentrations of sodium chlorider (b) deposition
2
of lead peroxide on to platinum from sodium chloride solutions 
containing lead chloride is retarded with increasing chloride 
ion concentration, and (c) lead when made anodic in 2M NaCl 
gives rise to the formation of complex ions.
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CHAPTER I
INTRODUCTION
It is well known that the presence of minute impurities 
in a metal or alloy can fundamentally influence the corrosion 
behaviour. In some cases corrosion may be stimulated, whereas 
in others the presence of a micro-impurity may have a pronounced 
affect in reducing corrosion.
Vondracek and Izak-Krizko1 have shown that the corrosion 
of zinc is greatly increased in sulphuric acid solution by 
the addition of small quantities (approx. 1 °/o) of copper, 
iron, antimony and tin, whereas aluminium, lead and mercury 
reduce corrosion. They proposed that the rate of corrosion 
is dependant on the kinetics of the cathodic reaction and 
that the low hydrogen overvoltages of the impunity metals 
which stimulate corrosion, compared to that for fcinc, causes 
an increased rate of attack.
Tomashov3 , on the other hand, has shown that the addition 
of small amounts of noble metals, in particular platinum and 
palladium, to stainless steels can assist passivation in sulphuric 
acid solutions. In this case, the addition of platinum and 
palladium results in the existence of highly active cathodic 
isites on the metal surface at which oxygen or hydrogen ions 
may be reduced rapidly and thus the potential of the anodic 
areas of the metal is increased. As a result of this increase of 
potential, a passivating oxide film is formed. This aspect 
has been considered by Hoar3 who points out that the addition 
of a noble metal impunity will, by stimulating cathodic 
reactions, always raise the potential of the anodic areas.
However he emphasises that the potential increase must be
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sufficient for passivation, i.e. the formation of an oxide 
film, otherwise corrosion will be accelerated as the potential 
may not reach the /.passive region.
Griess4 has reported that the corrosion resistance of 
18/8 stainless steel in uranyl sulphate and uranyl nitrate 
solutions may be greatly improved by the addition of 0*5% 
platinum.
The corrosion resistance of titanium may be improved 
by the addition of palladium, and Stern5 has shown that as 
little as 0.1% palladium renders titanium completely resistant 
to attack by boiling solutions of reducing acids. Palladium, 
by possessing a low hydrogen overvoltage and high exchange 
current for hydrogen ion reduction, is particularly effective 
in such solutions. Stern suggested that the surface of the 
titanium-palladium alloy forms a bielectrode with a potential 
in the passive region, whereas the potential of pure titanium 
is in the active potential (corrosion) region.
The anodic behaviour of metals forming natural oxide 
films of high electrical resistance may be influenced by the 
addition of a platinum microelectrode. Thus titanium, 
zirconium and niobium in contact with a platinum microelectrode 
when anodically polarised, in chloride solutions are not 
readily anodised since all, or most, of the current passes 
through the platinum. Titanium has been found to pit in 
chloride electrolytes when the potential of the oxide/electro­
lyte interface exceeds about 12-14V. However if ’ platinum 
is in contact with the titanium the potential is unlikely 
to exceed this value even at very high current densities 
as chlorine discharges on the platinum at low overpotentials.
On the other hand similar bielectrodes of platinum-tantalum 
do not pit in chloride electrolytes but oxide film growth
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continues to high voltages6 .
Lead and lead alloys may be used as inert anodes in 
electrolytic processes, providing a film of lead peroxide is 
formed and maintained on the lead surface. The anodic polaris­
ation of lead in sulphuric acid results in the formation of 
a thin film of lead peroxide and once the film has reached a 
limiting thickness, little further oxidation occurs and the 
electrode behaves as a noble metal, the predominant electrode 
process being the evolution of oxygen. Anodically polarising 
lead in chloride solutions results in a semi-passivating layer 
of lead chloride but continued polarisation at constant current 
results in rapid corrosion accompanied by high potentials 
and alternative electrode processes occurring such as discharge 
of chlorine at the lead surface.
The addition of small amounts of silver, antimony and 
other metals7 may result in the formation of ,a passivating 
layer of lead peroxide on anodic polarisation in chloride 
solutions and the predominant electrode process becomes the 
discharge of chlorine on the lead peroxide. No explanation has 
been put forward to account for the effect of alloying 
additions on the formation of lead peroxide. Lead alloys con­
taining these alloying additions can only operate at low 
current densities since, if the potential developed is too 
high,the lead peroxide is penetrated by chloride ions with 
the formation of lead chloride which causes the peroxide to 
spall off.
Shreir and Weinraub8 have shown that the introduction 
of a microelectrode of platinum into a pure lead anode, brings 
about a remarkable change in its behaviour in chloride solutions. 
They observed that initially a film of lead chloride is formed 
but this is gradually replaced by an adherent film of lead 
peroxide which is formed in contact with the platinum and the
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lead surface. Bielectrodes of this type have been anodically 
polarised for prolonged periods in chloride solutions at 
very high current densities (200 mA/cms) without any sig­
nificant increase in voltage.
Some tentative suggestions8 ’9 have been made to explain 
the effect of platinum but it was decided that in view of the 
complexity of the system, a complete understanding would only 
be possible if each component of the system was studied 
independantly. Thus, in the present study, as well as examining 
in detail the anodic behaviour of lead-platinum bielectrodes 
in sodium chloride solutions, the anodic behaviour of the 
individual components; lead, platinum and lead peroxide were 
also the subject of a detailed investigation.
The immediate objectives of the work were:
1) Determination of the precise function of the microelectrode.
2) Investigation of the electrolyte conditions necessary 
for the formation of lead peroxide.
3) Examination of the mode of propagation of lead peroxide.
4) Correlation of the anodic behaviour in chloride 
solutions of the individual components of the system, 
with the behaviour of the bielectrode.
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CHAPTER 2.
EXPERIMENTAL
l) Design of Cell.
The following characteristics were considered important 
in designing a cell for the present study:
a) An anode so mounted that its position relative to a 
reference capillary could be altered. In this way the 
potential at different parts of the surface could be 
measured which was particularly important in experiments 
involving the bielectrode.
b) Effective isolation of the anodic and cathodic 
compartments by the use of a sintered glass membrane. As a 
result of this the possibility presented itself of studying 
the effect of the anodic processes on the properties of the 
anolyte without too much interference from the hydroxyl ions 
produced at the cathode.
c) Facilities for circulating the electrolyte in the 
anode compartment and measuring and, if necessary controlling^ 
the pH. An additional advantage was that an unlimited 
quantity of electrolyte could be used with the consequents, 
prevention of build-up of reaction products.
The stirring produced as a result of this circulation 
would have the effect of reducing concentration effects at 
the anode surface.
d) Adequate agitation of the electrolyte at the anode 
by means of a high velocity stream of gas (nitrogen), resulting 
in as effective reduction in concentration overpotential as 
possible without resorting to high frequency mechanical
15
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agitation or ultrasonic techniques*
e) Avoidance of all materials other than glass and 
polytetrafluorethylene, P.T.F.E., in order to minimise 
introduction of impurities.
The cell of approximately 300 cc capacity consisted 
of five parts - fig. 1.
1) Anode compartment Q
2) Cathode compartment R
3) Reference probe G
4) Cell base T
5) Syringe into which the anode was mounted L
6) Auxiliary platinum electrode U
The anode was mounted in the syringe L by means of a P.T.F.E.
gland D which was slightly tapered on the outer diameter so
that it made a watertight seal.
The potential of the anode C was measured by means of a 
Luggin capillary G connected to the syringe K which was posit­
ioned slightly eccentrically relative to a centre line through 
the cell. As a result of this the tip of the reference 
capillary coincided with a position 3 mm. from the edge of 
the anode. Thus by rotating the anode through 180° it was 
possible to measure the potential at two positions equidistant 
from the edge.
The syringe K was equipped with a ’’Quickfit” socket (B.IO) 
into which fitted a cone containing a silver/silver choride 
reference electrode A. Electrical connection to this electrode 
was by means of a mercury contact.
A Piontelli capillary was also used but was found to give 
identical values of potential since the conductance of the 
electrolyte was high. The Luggin capillary, which consisted 
of a long slender probe, was preferred as it did not blank off
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the electrode surface to the same extent as the Piontelli 
capillary. The capillary was set at a fixed distance of 
1 mm. from the anode surface, this distance being sufficient 
to prevent interference with the formation of films whilst 
maintaining a very small IR drop.
The cathode R was in the form of a platinum disc 5 thou, 
thick and of diameter 3 cm. To the upper edge, a stem of 
platinum wire was spot welded and sealed through the cathode 
chamber into a mercury contact B. The cathode had a hole 
through the centre through which passed the stem of the 
reference capillary* The cathode chamber was equipped 
with an outlet 0 to allow gases to escape.
The anode and cathode compartments were isolated by means 
of a sintered glass disc F containing a hole, the tolerance 
between this and the stem of the capillary being kept to a 
minimum. It was found that little liquid passed between the 
anode and cathode chamber during an experiment.
The base of the cell T was fitted with a tap H and a gas 
agitator E. The porosity of sintered glass used in the 
agitator ensured an even high velocity stream of gas over the 
anode*
The anode compartment was fitted with a platinum electrode 
by means of syringe TJ which was used for generating chlorine, 
if desired, or as an auxiliary cathode.
The cell was filled with electrolyte via inlet M but 
for the purposes of circulation, electrolyte was pumped in 
via tap H and out via N. Tube M which was fitted with an 
extension 6 in. long then served to indicate a constant head 
of liquid in the cell. This head was controlled by the rate 
of pumping, and by the extent to which tap H was opened. - —
Small clips were used to hold the ground glass joints
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between the body of the cell, the cathode compartment and 
the base. No grease was used on the joints or on the taps; 
the innocuous effects which minute quantities of grease can 
have on electrode processes have been discussed by Levina 
and Sarinsky1.
2) Thermostat
. The cell was maintained at a constant temperature of 
25iO*5°C by means of an air thermostat* Heating was obtained 
from a 100 watt electric light bulb positioned over a small 
high speed fan. The bulb was connected to a mercury contact 
thermometer regulator (Electro-methods, Stevenage) 
incorporating a relay (Sunvic F 102/4).
3) Method of circulation of electrolyte.
A finger type pump (Ajax Construction Co. type 192/z) 
was employed in conjunction with a variable speed electric 
motor. Polythene tubing served to connect the inlet and 
outlet of the cell with a sump of two litres capacity. By 
this method the electrolyte could not pick up impurities in 
its passage through the pump since polythene was found to 
be completely inert to the solutions used. The maximum 
pumping rate was approximately I l./min.
The electrolyte in the sump could be adjusted for pH 
as desired by the addition of suitable acid or alkali from 
two tap funnels.
4) Materials used.
All electrolytes were prepared from AnalaR reagents and 
doubly distilled water. Lead chloride which was only 
available as nchemically pure reagent” was recrystallised 
twice from boiling distilled water. Saturated solutions of
19
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General View of Apparatus.
1  . .. Cell
2 .... . Thermostat
3A  . . Pump
3B . Sump for pH Measurement
3C  . • Magnetic Stirrer
3D ........ 3 Litre Reservoir
13 ......... Potentiostat
15 .......  Valve Voltmeter
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lead chloride were obtained by agitating the salt for twelve 
hours with the appropriate electrolyte.
For preparing the lead anodes 99*99% purity metal was 
used and was supplied by Associated Lead Ltd. Platinum 
of 99*999% purity was supplied by Johnson Matthey Ltd. The 
softness of pure platinum wire rendered it unsuitable for the 
microelectrodes since it could not be pushed into the lead 
surface and the harder 2% copper/platinum alloy was used.
5) Measurement of pH of solutions.
A Cambridge bench pH meter was used in conjunction with 
the appropriate electrodes for solutions of pH less than 5 
and greater than 11. The measurement of the pH of unbuffered 
sodium chloride solutions in the range 3-11 is extremely 
inaccurate with glass electrodes. Impurities, absorbtion of 
carbon dioxide, and the fact that in measuring pH with glass 
electrodes involves the consumption of hydrogen ions results in 
steady conditions never being achieved. The similar problems 
associated with the electrometric determination of the pH of 
unbuffered potassium chloride solutions have been discussed 
by Clark8.
A colourimetric technique was therefore adopted, and Merck 
high sensitivity pH papers were found to give accurate and 
reproducible results. These papers enabled the pH to be 
measured to within 0*1 of a unit.
6) Preparation of lead anodes.
Lead rod anodes 1 cm diameter were prepared by pouring 
molten lead into a graphite mould of diameter 1*2 cm. The 
moulds were so designed that a reservoir of molten lead
obviated the formation of shrinkage cavities. The cast rod
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was machined to a diameter of 1 cm and a stout copper lead was
soldered to one end. The rod was forced into a P.T.F.E. gland
warmed in hot water"thus making it slightly flexible. On 
cooling .slight shrinkage occurred and a watertight seal was 
obtained.
The surface of the anode was normally prepared by 
removing a thin slice from the surface with a sharp knife
prior to placing it in the solution. A similar method of
preparation of the lead surfaces is reported by Briggs and 
Wynne-Jones® , Muller4 , and Kurtzfj e Kabanov and Jofa6 in 
their investigations on hydrogen overpotentials on lead in 
hydrochloric acid solutions reported good reproducibility if 
the surface was prepared by scraping with a blade. According 
to Hoar? it is suggested that cations in a regular array are 
less easily dissolved than those at regions of atomistic 
disarray. Due to the worked appearance of the surface of 
the lead anode prepared by slicing it was considered of 
interest to observe whether a specimen prepared so as to 
eliminate work hardening would show different properties 
when polarised in chloride solutions. The following methods 
were employed:
a) chemical polishing according to the method of Worner 
and Worner8 using a solution of 70%> acetic acid and 50% 
hydrogen peroxide (100 vols<)
b) dissolving anodically in an aqueous solution 
containing 10% hydrofluoboric acid and 3% boric acid at a 
current density of 10 mA/cm3 .
Subsequent experiments showed that the method of surface 
preparation had no effect on the behaviour of the anode9 
probably due to the initially extremely aggressive action 
of the chloride ion in rapidly dissolving away the surface of
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the lead,.. and also due to the ability of lead to recrystallise 
to a certain extent of room temperature.
7) Preparation of the bielectrode.
These were prepared by carefully hammering a piece of 
hard 2% copper/platinum wire of the desired gauge into the 
lead so that it protruded by about 1 mm. If very fine wire 
was used it was necessary to make a hole in the lead surface 
with a fine needle, place in the wire and then peen the 
lead around it. The microelectrode was always positioned 
3 mm from the edge of the lead anode which on rotation could 
then situate it so as to coincide with the tip of the 
eccentrically placed capillary.
8) Preparation of platinum electrode.
For certain aspects of this work a platinum anode 
was used consisting of a platinum ring made from 20 thou, 
wire supported by a pyrex tube. This overcame the problems 
associated with uneven current distribution on the front and 
back of, a disc electrode.
The glass tube fitted into a P.T.F.E. gland in a similar 
manner to the lead rod anodes.
The method c employed for cleaning the platinum consisted 
of immersing the electrode in a solution containing:
3 volumes 12N hydrochloric acid,
1 volume 16N nitric acid,
4 volumes distilled water.
After washing with distilled water the electrode was used 
immediately.
9) Preparation of lead dioxide electrode.
Solid lead dioxide of high purity was obtained by plating 
from a bath of lead nitrate on to a cleaned tantalum sheet
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5 cm X 1 cm as described by Grigger, Miller and Loomis10.
The composition of the bath was:
500g lead nitrate - Pb(NOa)a
l*5g copper nitrate - Cu(NOa)a«3H30
l*5g wetting agent, (i.C.I. surface active agent A.P.14).
2 1 distilled water.
The addition of copper nitrate prevented lead from being 
plated out at the cathode.
The electrolyte was maintained at a temperature of 70°C 
in a thermostatically controlled water bath, and was constantly 
stirred, A platinum cathode was employed and a current 
density of 15-30 A/fts applied.
Before electrolysis, one side and the edges of the tantalum 
base sheet were coated with Lacomit (Canning Ltd.) stopping 
off compound thus facilitating subsequent removal of the lead 
dioxide deposit.
After a satisfactory deposit had been obtained the anode 
was removed from the bath and on cooling the contraction of 
the tantalum resulted in the lead dioxide spalling off in one 
piece* The surface of lead dioxide which had been in contact 
with the tantalum surface was observed to be extremely smooth 
so that the apparent and geometrical surface areas were similar.
Before conducting experiments on the lead dioxide,the rough 
side was coated with molten polythene which gave a strong, 
well adherent and chemically inert covering. Polythene was 
found to be far more resistant to nascent chlorine than Lacomit.
Electrical contact was made by winding platinum wire 
tightly around the end of the specimen which was not in contact 
with the electrolyte. Measurement showed that the contact 
resistance between the lead dioxide and the platinum wire was 
very small (approximately 3 ohm) provided the dioxide was
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thoroughly cleaned by scraping with a razor blade before 
the platinum wire was attached.
Silver/silver chloride reference electrode for 
measuring the anode potential.
The potential of the Ag/AgCl - Cl electrode is given 
by the relationship:
E = E° - 0*059 log a -Ui.
where E° * 0.222111
The electrode is accurate and reproducible and was 
considered to be more suitable than the Hg/HgaCla, sat.
KC1 electrode for studying the anodic behaviour of lead in
sodium chloride solutions over a range of compositions* The
reasons for this choice are as follows:
(a) by using the Ag/AgCl electrode in the sodium chloride 
solutions under study no liquid junction potential is intro­
duced: Pb/PbClg, NaCl.xM, AgCl/Ag.
(b) use of the saturated calomel would result in diffusion 
of potassium chloride into the more dilute sodium chloride 
solution used for the study of anodic polarisation.
For those solutions in which the activity of chloride 
could not be directly calculated e.g. sodium chloride solutions 
containing lead chloride then the potential of the Ag/AgCl 
electrode was compared with a standardised saturated calomel 
electrode (Cambridge Instruments Ltd.)
The calculations involved in determining the magnitude of 
the liquid junction potential between two solutions of different 
strength and different cationic species are complicated. The 
calculations are based on two assumptions:
(a) that the activity coefficient of chloride ions has 
the same value in say 0*1 M KC1 and 0*1 M NaCl and is equal to 
the mean activity coefficient of KC1 in 0*1 M solution 18
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(b) that the activity coefficient of the ions of a
binary electrolyte MX are equal, i.e. Yj^  = - Yi^ yix
Milazzo14 has calculated the approximate liquid junction 
potentials for the system NaCl/KCl and gives the following 
results:
NaCl IN / KC1 3* 5N E ** 1*9 mV at 25°C.
NaCl 0*1N / KC1 3-5N E = 0*2 mV at 25°C.
From this data it is assumed that the boundary potential
which would be set up between a saturated calomel electrode 
and a solution of sodium chloride of approximately 0-5M would 
be of the order of 1 mV. This was not considered sufficient 
to warrant correction of the measured potentials.
The electrode was made according to the method of Brown16. 
This consisted of plating silver on to platinum from a 1% 
aqueous solution of potassium silver cyanide and after very 
thorough washing converting the surface layer of silver to 
silver chloride by anodically polarising in N/10 hydrochloric 
acid.
The end of a platinum wire 20 thou, gauge and 5 cm long 
was sealed through a "Quickfit" cone in order to make a mercury 
seal, (see A fig.l). The free end was made into a coil of 
diameter 3mm and thoroughly cleaned in boiling nitric acid and 
after washing was plated at a current of 1 mA. The electrode 
was stored in distilled water away from sunlight. Electrodes 
prepared in this way never differed by more than 1 mV and 
their potentials remained constant for many months. Great 
care was taken in handling the electrodes since it was found 
that accidental distortion altered their potential and rendered 
them unreliable.
These electrodes could not be used for long periods in 
concentrated sodium chloride solutions due to the increased
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solubility (due to complexing) of silver chloride.
ll) Lead amalgam.
The application of the lead amalgam to the determination 
of the activity of lead ions in solution has been discussed 
by Carmody16.
The amalgam behaves as a reversible Pb/Pb++ electrode, 
and the activity of lead ions may be calculated from the 
equation:
E = E° + 0*0295 log aPb**
* »
E° ss 0*1263j is the normal potential of the cell
Pb/Pb*+ 16.
The potential of the amalgam relative to lead is quoted 
by Carmody to be -0*0058 volts.
Hence E sr 0*1263 - 0*0058 + 0*0295 log a^-M-.
If potentials are measured relative to a saturated calomel 
electrode then E = 0*3627 + 0*0295 loga^-M^.
A cell Pb(Hg)/Pb*+, NaCl; KC1, HgaCla was designed (fig.3) so 
that the solution to be studied would not be contaminated by 
chloride ions from the saturated calomel electrode*
The apparatus consisted of three 50 ml boiling tubes 
one of which had a platinum contact sealed through its base.
This tube (l) contained 50 g of lead amalgam and the solution 
to be studied (a). Tube (2) contained the same solution whereas 
tube (3) was filled with saturated potassium chloride. A KCl/ 
Agar-Agar salt bridge X served to connect (2) and (3). A 
liquid junction potential was set up between the bridge and 
solution A but this was only of the order of 1 mV. (See 
discussion in section 10)« The potential at the amalgam 
solution interface was measured with probe V incorporated in
28
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bridge Y which was filled with the solution. The bridge 
was filled by applying a suction at Z and then closing tap 
W.
The potential across the cell was measured with a 
potentiometer in conjunction with a very high sensitivity 
galvanometer.
The amalgam was prepared according to the method of 
La Mer and Parks1* • This consisted of making high purity 
mercury the cathode in a concentrated lead nitrate solution. 
Electrolysis at a current density of 20A/ft3 was continued 
until the mercury contained about 6% lead; a similar 
concentration was used by Carmody16• According to Fay and 
North18 and Puschin19 amalgams containing between 2% and 60% 
lead have the same e.m.f.
The amalgam was stored under freshly boiled (oxygen free) 
distilled water which was covered with a layer of ether. It 
remained free from a surface oxide film for many months.
Before use it was thoroughly washed and its potential in 
a solution of lead chloride measured against that of a stick of 
freshly scraped pure lead immersed in the same solution. The 
value of this potential agreed with that of Carmody, i.e.
0.0058 volts negative to pure lead.
12) Constant current supply.
This was obtained from two 12 V, 64 A/h batteries 
connected to a series of variable resistances of 1 megohm. 
27,000 ohm, 2000 ohm, and 145 ohm. Figure 4.
With this arrangement very steady low currents 1*5 micro­
amps - 100 mA could be obtained and small resistance changes 
in the cell had insignificant effect. Much higher currents 
up to 2 or 3 A. could be drawn from this system with a 
corresponding loss of stability. Where, however, a sudden
30
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and substantial resistance change was expected in an anodic 
process and where complete current stability was required, a 
Constant Current / Constant Voltage supply (Shandon, Vokam 
type 254l) was employed. This gave a maximum output of 
50 mA over a voltage range of 0 - 400 V, with a minimum output 
of 1 mA. This instrument possessed such stability that a 
sudden resistance change of 8000 ohms had no effect on the 
output current. The maximum amount of a.c. ripple was shown 
on an oscilloscope to be 0*3% of the current.
13) Potentiostatic supply.
The design of potentiostats has been discussed by 
Hickling30, Roberts21, Edeleanu33, Bewick, Fleischmann, and 
Liler38, et al. The applications of potentiostats has been 
described by Fleischmann and Thirsk24 with particular regard to 
the growth of deposits on electrodes.
A potentiostat was constructed by Messrs. C.J.R. Birmingham 
for this work possessing the following characteristics:
Maximum sensitivity 1280 mA/V in the operating 
range of 10 mA, with identical reverse behaviour.
Figure 5 shows the relationship between stability of . 
applied potential and the cell current and cell resistance.
The obtained sensitivity resulted in a maximum fluctuation 
of less than 1 mV in the operating range of 1 mA and less 
than 5 mV in the range 1-10 mA.
The method of connecting the potentiostat is shown in 
Figure 6.
14) Relative value of^gaTvanQstatic and potentiostatic 
techniques.
The employment of a constant current source essentially
34
enables- a quantitave result of the charge required for a 
particular electrode process or series of processes to be 
obtained. Observations of potentials under these conditions may 
give an indication of a change in the electrode process although 
this may not necessarily be the case if two or more reactions 
are proceeding simultaneously. The method does allow the 
efficiency of a particular operation to be assessed since the 
number of coulombs passed may be calculated directly. Due 
to the very high voltages obtainable from electronically 
controlled constant current sources, sudden and very large 
resistance changes in a cell may be accomodated.
The main disadvantage associated with constant current 
techniques is the fact that in many anodic processes the area 
of the electrode is constantly changing. Thus the true current 
density cannot be accurately determined and consequently 
neither voltage nor current density is in fact constant.
Potentiostatic control enables the potential at an 
electrode/solution interface to be maintained at a pre~ 
determined value.
Electrode processes are potential dependant and only when 
the thermodynamic value has been equalled, or exceeded if an 
activation energy is required, will a particular reaction 
proceed. The commencement of a reaction will be accompanied 
by the passage of current and thus by observing the current 
for very small potential changes valuable information may be 
obtained as to the nature of a particular anode process.
The potentiostatic technique therefore ensures that one 
parameter remains constant even if the area of the electrode 
is changing, and it is this parameter which controls the 
behaviour of the electrode.
The relative advantages of these techniques has been
35
considered by Hoar*5.
15) Voltage and current measurement.
For experiments conducted at constant current the 
potential of the anode was measured either with a potentiometer 
(Tinsley, 3387B) in conjunction with a Pye Scalamp gavanometer 
or if the potential was in excess of 1*8 V or liable to fluctuate 
rapidly a valve voltmeter (British Physical Laboratories V.M* 
853B) was employed. The latter lacked the accuracy of a 
potentiometer but on the low voltage ranges was capable of 
reading to within -3 mV. The maximum current taken by the 
valve voltmeter was 10“e A which precluded the possibility of 
polarising the reference electrode.
A valve voltmeter was found to be necessary for measuring 
the e.m.f. during potentiostatic studies since the potentiometer 
slightly off balance would have caused a short circuit. It 
was important when connecting the valve voltmeter across the 
potentiostat to ensure that the earth of the potentiostat,
i.e. the controlled electrode was connected to earth on the 
valve voltmeter (fig.6). Failure to do this would have 
resulted in a short circuit loop.
The measurement of current within the range 1 mA - 1 A 
was made with a Weston Multi-range Ammeter (type S.82.) which 
had been calibrated against a British Physical Laboratories 
high accuracy standard ammeter in conjunction with suitable 
shunts. For currents 0 - 250 micro-amps an Avometer (type 8) 
was calibrated similarly and gave satisfactory results. The 
Avometer was also used for currents greater than 1 A.
36
CHAPTER 2.
R E F E R E N C E S
1) S. Levina and V. Sarsinsky, Acta Phsiochim. 1937,7.,475.
2) W.M. Clark, The Determination of Hydrogen Ions, Baill&re,
Tindall and Cox, London. 1928, p.442.
3) G.W.D. Briggs and W.F.K. Wynne-Jones, J.chem.Soc. 1958,
574. 2966.
4) W.J. Muller, Trans. Faraday Soc. 1931, 27_, 737.
5) L.J. Kurtz, Compt. Rend. TI.R.S.S. 1935, 8, 305.
6) B. Kabanov and Z.A. Jo fa, Acta Physiochim. 1939,10., 616.
7) T.P. Hoar, Modern Aspects of Electrochemistry, (ed.J’OM.
Bockris). Butterworths, London, 1959, p.270.
8) H.W. Worner and H.K. Worner, J.Inst.Metals, 1940.66,45.
9) R.G. Bates, Electrometric pH Determinations, Chapman Hall,
London 1954, p.166.
10) J.C. Grigger, H.C. Loomis and H.C. Miller, J.Electrochem.
Soc. 1958, .105(2), 100.
11) M. Randall and L.E. Young, J.Amer., chem. Soc. 1928,50, 989.
12) D.A. Mac Innes, J. Amer. chem. Soc. 1919, 41, 1086.
13) E.A. Guggenheim, J. phys. Chem. 1930, 34, 1758.
14) G. Milazzo, Elektrochemie, Springer-Verlag, Vienna. 1952, p.
15) A.S. Brown, J.Amer. chem. Soc. 1934, 56, 646.
16) W.R. Carmody, J. Amer. chem. Soc. 1929, 51, 2905.
17) V.K. La Mer and W.G. Parks, J.Amer.chem. Soc. 1951,55,2045.
18) H. Fay and E. North, Amer. chem. J. 1901, 25, 216.
19) W. Puschin, Z. anorg. Chem. 1905, 56, 210.
20) A. Hickling, Trans. Faraday Soc. 1942, 38., 27.
21) M.H. Roberts, Brit. J. appl. Phys. 1954, 5., 351.
22) C. Edeleanu, J. Iron Steel Inst. 1957, 185(l), 482.
23) A. Bewick, M. Fleischmann and M. Liler, Electrochemica Acta,
1959, 1, 83.
24) M. Fleischmann and H.R. Thirsk, Electrochemica Acta, 1959,
1, 146.
25) T.P. Hoar, Modern Aspects of Electrochemistry, 1959, p.284.
98.
37
CHAPTER 5,
ANODIC BEHAVIOUR OF.LEAD IN SODIUM CHLORIDE SOLUTIONS.
Introduction.
In order to establish how a platinum microelectrode 
affects the anodic behaviour of lead in chloride solutions 
it was necessary to make a detailed study of the anodic 
behaviour of each of these metals independently over a range 
of chloride ion concentrations. To assist in the under­
standing of the processes involved when lead is made anodic 
in such solutions it was also of value to consider the effects 
which other electrolytes may have on its anodic behaviour.
Little work has been published on the anodic polarisation 
of lead in chloride solutions, Briggs and Wynne-Jones1 
studied the passivation of lead in halide solutions, and 
Kurtz3 examined the anodic behaviour of lead in hydrochloric 
acid solutions. Wolf and Bonilla® have discussed the 
corrosion of lead in sodium chloride but their experiments 
were of an ad hoc nature being based upon some observations 
connected with the underground corrosion of lead cable sheaths. 
Miles4 has investigated the crystallisation of lead chloride 
and has shown how small quantities of organic material can 
affect the habit plane.
Lead when anodically polarised in chloride solutions 
gives rise to a sparingly soluble product - lead chloride.
This may cause mechanical passivation, i.e. a film may be 
formed which effectively insulates the metal from the solution. 
The extent of passivation depends upon the chloride ion 
concentration, impurities present in the electrolyte, current 
density, temperature, extent of electrolyte movement 
adjacent to the anode, and solubility of the anodic product 
in the electrolyte, as these factors influence the position
38
of formation and nature of the lead chloride*
Hoar5 has reviewed the literature on the factors 
affecting the anodic passivation of metals and has 
discussed the effect of sparingly soluble anodic products. 
Muller6 et. al. investigated the passivation of lead in 
sulphuric acid and showed that within a short period of 
time the lead is covered with a closely adherent 
layer of lead sulphate. As a result of this, the potential 
rises abruptly and then descends to a point above the 
Pb/Pb0a .HaS04 potential, the lead sulphate previously 
formed being converted to lead peroxide with subsequent 
evolution of oxygen and very slight further attack on the 
lead. The lead is now said to be 11 chemically passive11. 
Thirsk and Wynne-Jones’ , Grunbaum and Iribarne8 , Feitknecht 
and Gaumann9 , and others have studied the mechanism of these 
reactions in considerable detail. The corrosion of lead 
in sulphuric acid has been studied by many workers10.
Muller and Konopicky11 examined the factors controlling 
the initial mechanical passivation of metals forming 
sparingly soluble anodic products and derived an equation 
connecting the current density i,with the time t, required 
to passivate the anode sufficiently to cause the potential to 
increase suddenly:
int = constant.
Hence nlog i + log t t=- constant, and by plotting log i 
against log t a straight line of gradient n should be 
obtained. They showed that the value of n depends upon the 
nature of the electrolyte and the solubility of the 
anodically produced salt.
Muller and Machu18 and Kabanov13 applied this equation 
to their investigations on the initial mechanical passivation 
of lead in sulphuric acid and obtained good linearity.
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Kurtz8 in his investigations of the anodic polarisation 
of lead in 0*5M HC1 saturated with lead chloride was able to 
show how the duration of the low overpotential period and the 
magnitude of the subsequent potential jump were controlled 
by the nature of the crystal growth of lead chloride over 
the anode surface. He showed that small islands of lead 
chloride formed initially and grew thicker whilst 
simultaneously spreading over the anode surface. When an 
almost uninterrupted layer had formed the potential 
suddenly increased and it was possible to calculate that 
the thickness of the film prior to the potential jump 
decreased as the current density increased.
Due to uncontrollable affects such as electro-osmosis 
and temperature increase in the interstices between the 
crystals, Kurtz was unable to formulate a theory which fully 
explained the mechanism of film thickening for this system.
Briggs and Wynne-Jones1 have shown that a similar low 
overpotential period occurs with lead when anodically 
polarised in potassium chloride solutions, and that this 
system obeys the relationship int = constant. However, 
their results showed a considerable scatter. They found that 
the lead chloride films producing mechanical passivity 
were coarsly crystalline and of non-uniform structure.
These films did not convert to lead peroxide despite the 
fact that the potentials involved were far in excess of 
that required for the formation of lead peroxide. At high 
potentials, reactions other than continued formation of lead 
chloride were noted; on certain areas of the anode gas 
evolution occurred and small areas of a dark compound, 
presumably an oxide of lead, were observed. Shreir14 has 
shown that a lead anode when anodically polarised in
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0*5M NaCl at 50 mA/cms corrodes rapidly with the formation 
of lead chloride and although lead peroxide is formed,it does 
not remain in contact with the lead surface.
Lead when made anodic in alkaline solutions may either 
corrode rapidly or become chemically passive. Elbs and 
Forsell15 have shown that it dissolves as Pb"** in IN KOH-; at 
current densities less than 25 mA/cm2 , but at higher current 
densities lead peroxide is deposited and oxygen is evolved.
Jones, Thirsk, and Wynne-Jones16 have studied the Pb/lN KOH 
system in detail and deduce that the anodic reaction proceeds 
in three stages provided the current density exceeds about 
25 mA/cm3 :
(1) Pb+PbO,.
(2) PbO ■+ PbOa + some oxygen evolution,
(3) oxygen evolution on the lead peroxide surface 
Burbank1* has studied the conditions of pH and potential under 
which anodic oxides of lead are formed. She was able to deduce 
the domains of stability of PhOs , PbO, and the intermediate 
oxides Pba04 and She suggested that the intermediate
oxides are not obtained by direct anodic oxidation but 
represent chemical reaction products.
Since in the present work it was intended to study lead 
in sodium chloride solutions within the range 0#1M - 2*0M 
it is necessary to consider the possible formation of lead 
complexes in solutions of high chloride ion concentration.
Nelson and Kraus18 have deduced that at concentrations 
above 2M HC1 more than 50% of the dissolved lead is in the 
form of anion complexes. They also mention that lead complexes 
form to an appreciable extent in sodium chloride above 1M.
Earlier workers were of the impression that the increased 
solubility of lead chloride in concentrated sodium and potassium
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chloride was due to the formation of double salts* Lewin, 
Vance and Nelson 19 have shown that no double salts form 
between lead chloride and.sodium chloride up to 4M solutions 
of sodium chloride* Fromherz90 has shown how the activity 
coefficient of lead chloride is affected at high chloride 
ion concentration by complex formation, and Korenman91 
has derived an equation from which the solubility of lead 
chloride in chloride solutions could be calculated by 
assuming the complexes to be PbClg and PbCLj . Papoff 
et. al.28 have shown that the ionic species formed depends 
upon the activity of chloride ions and they deduce that 
PbCl+, PbCljj, PbCla", PbCLi", and PbCl6. are all likely 
to exist at high chloride concentrations.
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Ef f ectjpf ^ current_ den^ty_on the_anodic polarisation of 
lead in 0*5M sodium chloride solution.
Experimental.
A lead anode prepared as described previously was polarised 
at apparent current densities of: 1, 1*5, 2*5, 5, 10, 20, and 40 
mA/cm8 in solutions of sodium chloride either initially free 
from or saturated with lead chloride.
Polarisation runs at each current density were repeated 
three times and it was found that good reproducibility of the 
potential-time curves at low current densities (l and 1*5 
mA/cm8) could not be obtained above an anode potential of 
1 - 2V. At high current densities (20 and 40 mA/cm8) 
reproducible results were obtained up to a potential of 5V.
In the intermediate current density ranges the anodic potentials 
were unpredictable above 2-3V. All curves (Fig.7) give the 
mean potential-time relationship for the three runs, (the broken 
lines indicating fluctuating potentials).
For all runs 3 1. of solution was used and was circulated 
sufficiently slowly (100 cc/min) to prevent turbulence.
An electronically controlled constant current source was 
employed to polarise the lead anode.
Results.
The results of the galvanostatic studies of lead in sodium 
chloride are summarised in Fig.7.
At 1 mA/cm8 (curve l) the anode potential remained constant 
for the first ten minutes and then increased slightly, the 
surface becoming covered uniformly with a thin layer of fine, 
rounded, loosely adherent l.estd chloride crystals. With
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Effect of Current Density on the Anodic Polarisation
F I G U R E  7 .
 
of Lead in Q.5M NaCl Solution.
CURVE
1) Current density = 1.0 mA/cm3 , solution free from PbCl2 .
2) " " - 1.5 mA/cma , " " "
3) " ff =2.5 mA/cm2 , ” " ” "
4) " ” = 5,0 mA/cm2 , " ” ” "
5) ” " = 10 mA/cm3 , " " " "
6) " " = 2 0  mA/cm2 , " u ” "
7) " ” = 4 0  mA/cm2 , " " " "
8) 11 *’ = 1.0 mA/cm2 , solution satd. with PbCl2 .
9) " ” = 1.5 mA/cm3 , solution satd. with PbCla .
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further passage of current the potential increased to 0*2-0»4V 
but there was no apparent change in the appearance of the anode 
other than a certain amount of thickening of the lead chloride 
film. The tenuous adhesion of the lead chloride crystals to 
the substrate was demonstrated at this stage by flushing the 
anode surface with nitrogen* The crystals immediately broke 
away with an accompanying potential drop of about 0*3V.
In the solution saturated with lead chloride (curve 8), 
the duration of the low overpotential period was reduced. The 
adhesion of the crystals was equally tenuous, a similar potential 
drop occuring on flushing with nitrogen.
At 1*5 mA/cm® the nature of the crystalline deposit appeared 
to be similar, but it was evidently more passivating since the 
potential increased to about 1*5V, and tended to fluctuate.
The fluctuations appeared to correspond with the spalling off of 
particles of lead chloride from the apparently uniform 
crystalline deposit. Flushing with nitrogen caused considerable 
erosion and resulted in a substantial potential drop.
Polarisation in solution saturated with lead chloride
at 1*5 mA/cm® (curve 9) resulted in a substantial decrease in
the duration of the low overpotential period and also resulted 
in rather higher potentials being attained.
In all the experiments so far described no reactions 
other than the continuous formation and dissolution of the 
anodic film were observed. The solutions eventually became 
cloudy due to a suspension of particles of lead chloride which 
periodically became detached from the anode.
At a current density of 2*5 mA/cm® (curve 3) the deposit
at the conclusion of the low overpotential period appeared to
consist of a thin film of small compact crystals. A change 
in the mode of crystallisation was now observed, areas of
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coarser crystals forming which, after 10 min, entirely covered 
the anode surface. The change in crystallisation was 
accompanied by an immediate potential increase and gas evolution 
was observed to occur at certain areas. Concurrent with this, 
spots of a dark compound (shown by X-ray diffraction to be lead 
peroxide) were observed to form, especially at the edge of the 
anode. Continued polarisation resulted in potentials of between 
3 and 4V. Flushing with nitrogen caused a potential drop of about 
IV accompanied by considerable dislodgement of the anodic deposit.
A similar potential-time curve was obtained with solution 
saturated with lead chloride the low overpotential period being 
almost identical.
After the run the electrolyte was tested for chlorine by 
adding 3 g of potassium iodide and 5 cc of starch solution to 
100 cc of the solution. A blue colouration indicated that 
chlorine had been evolved at the anode. At lower current 
densities this test gave negative results.
The duration of the low overpotential period at 5 and 10 
mA/cma (curves 4 and 5') was very short and was followed by a 
rapid voltage increase. Initially the lead chloride crystallised 
as a very fine, well adherent deposit but concurrent with the 
potential increase coarse crystals formed, the centres of 
nucleation appearing to follow the direction of the scratches 
which had existed on the metal surface. Considerable gas 
evolution occurred and large areas of lead peroxide formed 
especially at the edge of the anode. Flushing the anode with 
nitrogen at this stage had negligible effect in comparison to 
the disturbance caused by the violent discharge of chlorine.
At the end of the run the solution was observed to be 
brown in colour.
At 20 mA/cm8 (curve 6) a rapid potential rise to 7V was
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accompanied by irregular crystal formation and violent gassing. 
Examination of the anode surface at the end of the run showed 
that as well as lead peroxide being present, yellow and orange 
oxides were interspersed with the remaining lead chloride 
(see fig.10).
Polarisation at 40 mA/cm8 (curve 7) resulted in a maximum 
potential of about 23V being attained. Within 15 min a 
voluminous deposit of lead peroxide had formed over the anode 
surface which spalled off intermittently exposing lead 
chloride below.
The solution darkened rapidly and within 25 min was 
vxrtually saturated with chlorine. After filtering off the 
considerable quantity of lead peroxide present as a suspension, 
it was observed that the filtrate was a light brown colour 
similar to that existing after the experiments at 10 and 20 
mA/ cm3 «,
FIGUPE 10
Lead anode polarised in 0*5M NaCl at 20 mA/cm2 for 
35 min. (Magnification X 10)
48
Effect of concentration of sodium chloride on the anodic
polarisation of lead at a constant current density.
Experimental.
A lead anode was polarised for 25 min at a current 
density of 10 mA/cma by means of an electronically 
stabilised constant current source.
The concentrations of sodium chloride used were OIM, 0*2M, 
0*5M, 1«0M, and 2*0M and 5 1. of electrolyte was circulated 
(slowly at 100 cc/min in order to prevent turbulence) to 
minimise the accumulation of reaction products.
Satisfactory reproducibility was obtained with only 0*1M 
and 2*0M sodium chloride; the anode potentials obtained with 
the other concentrations were only reproducible during the 
initial passivation stages.
The potential-time curves obtained, Fig.8. are the mean 
of three runs.
Resuits.
The polarisation of lead in 0#1M NaCl (Fig.8, curve l) 
resulted initially in the formation of a covering layer of 
small, loosely adherent, rounded crystals'which caused a 
potential rise of IV to occur during therfirst 5 min. The - 
mode of crystallisation now altered and small needle-like 
crystals started to form perpendicular to the anode surface* 
Concurrent with the growth of these crystals a slight potential 
increase to 1«1V was observed. The crystal growth continued 
slowly but frequently a few crystals spalled off although this 
had little effect on the potential.
In 0*2M NaCl (curve 2) the initial crystalline deposit 
was similar to that obtained in the more dilute solution but
49
F I G U R E  8.
Effect of Concentration of Sodium Chloride on the Anodic
Polarisation of Lead at a Constant Current Density.
CURVE CONCENTRATION OF NaCl.
1) 0*1M
2) 0* 2M
3) 0* 5M
4) 1“ OM
5) 2* OM
F I G U R E  9.
Relationship Between Log Passivation Time (t) 
and Current Density (i)
CURVE CONCENTRATION OF NaCl,
1) 2*0M satd. with PbCla .
2) 0»5M satd. with PbCla .
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resulted in a potential rise of 2V within the first 5 min.
The needle like crystals which now grew were extremely coarse 
and long, protruding into the electrolyte by about 3 mm and 
causing the anode potential to increase to about 3V. (it was 
necessary to move the reference capillary well away from the 
anode to prevent interference with the growth of the film, 
the IR drop increasing the potential by about 0*iv). As a 
result of the tendency of some of the crystals to spall off 
when they had grown to a considerable size the potential was 
liable to periodic fluctuations. After 20 min, when the 
potentiedb. had increased to 3*5V, gassing was observed and this 
caused further disruption of the crystalline deposit with the 
accompanying potential instability.
The anodic behaviour of lead in 0»5M NaCl at an apparent 
current density of 10 mA/cma has been discussed previously 
(Fig.7, curve 5) but is included in Fig.8 for purposes of 
comparison. Curve 3 obtained in this series of experiments 
shows a slightly different configuration from curve 5 Fig.7 
owing to the difficulty experienced in obtaining reproducibility 
once a potential of about 3V had been exceeded.
Curve 4 represents the polarisation of lead in 1»0M NaCl.
A rapid rise in the potential to 14V within the first 10 min 
was accompanied by gas evolution and the formation of specks of 
lead peroxide at the edge of the specimen. The nature of 
the lead chloride film was initially fine and well adherent but 
as soon as the potential had exceeded about 6V small areas of 
coarser crystals formed, apparently following the direction of 
the original scratches on the metal surface. Further polarisation 
resulted in the potential increasing to between 25 and 30V the 
quantity of gas now being evolved causing all but the. most 
adherent lead chloride and lead peroxide to spall off. After
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the run the solution was observed to be brown in colour due 
partly to a suspension of particles of lead peroxide.
In 2M NaCl solution (curve 5) a very rapid potential 
increase to 30V was observed within 4 min of switching on 
the current and within another 6 min the potential had reached 
70V. Polarisation in this solution resulted in the formation 
of a light grey, extremely hard, compact and well adherent 
deposit. The very violent gassing which occurred resulted 
in small areas of the film being ruptured but film healing 
appeared to be rapid and gassing then occurred at another 
point. Within a short time the chlorine content was such that 
the solution became light green in colour. No lead peroxide 
was observed to form on the anode- or exist as a suspension in 
the solution. Addition of sodium hydroxide to the solution after 
the run resulted in the formation of large quantities of lead 
peroxide as a fine suspension.
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Relationship between the duration of the low over-potential 
period and current density for lead polarised in sodium chloride 
solutions saturated with lead chloride.
Expe r imen t al«
A lead anode was polarised in sodium chloride solutions 
(2*0H and 0*5M) saturated at 25°C with lead chloride at constant 
current densities ranging from 1 mA/cma - 8 mA/cma using an 
electronically stabilised constant current source* The time 
from switching on the current to the instant when the anode 
potential suddenly underwent a substantial increase (0*3 - IV) 
was noted* The electrolyte was not circulated in order to 
prevent interference with the initial process of crystallisation 
at the anode surface* For the lowest and highest current 
densities the surface of the anode was prepared in the three 
ways described previously, viz* slicing, chemical polishing and 
anodic dissolution. For all the other runs only slicing was 
employed*
Results*
Table 1 summarises the results obtained* It can be seen 
that the method of preparation did not affect the duration of 
the low overpotential period, and that satisfactory reproducibility 
was obtained*
A plot of log t (t=duration of low overpotential period) 
against log i (i=apparent current density in mA/cm3) resulted 
in a straight line (Fig.9)* The gradients were 1*27 for lead in 
2*0M NaCl' and 2*18 for lead in 0*5M NaCl.
It should be observed that at low current densities the 
time for the passivation of lead in the concentrated solution 
was considerably less than in the more dilute solution. As the ~ 
current density increased the respective times required for
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T A B L E
2.0M NaCl saturated 
with PbCla at 25° C
1
mA/cm2
1.45
1.45
1.45 
1.80
2.50
3.0 
3.5
4.0
5.0
6.0
8.0
8.0
8.0
method of 
surface 
preparation
slicing
chemical
polishing
dissolve 
anodically
slicing
slicing
slicing
slicing
slicing
slicing
slicing
slicing
chemical
polishing
dissolve 
anodically
seconds
175
180
171
185
170
177
188
115
119
111
81
79
76
58
66
53
48
48
50
44
41
41
30
29
29
25
25
23
18
17
18
19
17
16
19
0.5M NaCl saturated 
with PbClg at 25° C
mA/cm2
1.0
1.0
1.0
1.3
1.5 
2.0
2.5
3.0
5.0
8.0
8.0
8.0
method of 
surface 
preparation
slicing 630
700
575
chemical 650
polishing 710
dissolve 620
anodically 700
slicing 400
386
415
slicing 270
278
263
slicing 177
181
172
slicing 135
130
126
slicing 60
60
57
slicing 23
22
19
slicing 8
8.5
9
chemical 9
polishing 9.5
dissolve 9
anodically 8 , _
seconds
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passivation converged and became equal at 3 mA/cm3. Above 
this current density the time for passivation in the more dilute 
electrolyte was lower than in the more concentrated solution 
and at the highest current density (8 mA/cm3) passivation was 
achieved in half the time.
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Discussion,
The passivation of lead in. chloride electrolytes is complex 
since the mode of crystallisation is dependant on many factors; 
current density, concentration of chloride ions, solubility of 
the anodically produced deposit of lead chloride in the electro­
lyte, and the extent of disturbance at the anode surface. The 
subsequent electrochemical behaviour of the lead will depend 
on the crystal nature of the lead chloride deposit.
In considering the significance of the potentials measured 
it should be emphasised that as a result of lead chloride 
forming on the anode, an appreciable ohmic potential will be 
included in the measured value. Since lead chloride may be 
considered as a non-conductor the magnitude of the ohmic potential 
resulting from the electrolyte which permeates the interstices 
of the lead chloride crystals, will be related to the crystal 
structure, the thickness of the lead chloride fiim and the 
conductivity of the electrolyte. Under these circumstances, 
where the passivity caused by the film is appreciable, the 
potential measured will indicate the nature and thickness of the 
lead chloride film rather than the relatively small potential 
of the anode/electrolyte interface.
The formation of a film of lead chloride on a lead anode
++is due to the passage of lead into solution as Pb and their 
subsequent reaction with chloride ions in the immediate vicinity 
of the anode surface. The low solubility product of lead 
chloride results in the crystallisation of this salt on the 
anode so that it is mechanically isolated from the electrolyte.
It has been shown that if the current density or the 
concentration of chloride ions is low, lead will not form a film 
of suitable properties to give mechanical passivation. Under 
these conditions the solubility product of lead chloride is not
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exceeded in the immediate vicinity of the anode owing to 
diffusion and.migration of lead ions away from the anode 
surface. Muller23 in his investigations on passivity produced 
by the formation of sparingly soluble anodic products suggested 
that crystals form by supersaturation of the solution near the 
anode and then develop in a direction parallel to the surface 
of the anode during the low overpotential period. When 
covering is complete, the potential increases due to the increased 
current density in the pores and further crystals then nucleate 
and cause more complete passivation. Kurtz*’ made similar 
suggestions for the passivation of lead in hydrochloric acid 
and Briggs and Wynne-Jones1 observed this sequence of events 
for lead in potassium iodide. It is believed that a similar 
process occurs with lead in chloride solutions but Briggs and 
Wynne-Jones were not able to correlate the extent of passi­
vation with definite stages in the growth of the crystalline 
layer in such solutions, although they did observe that nuclei 
grew to a considerable thickness before linking up.
Hoar 24 suggests that thick, irregular films, are likely
to possess considerable imperfections. The presence of
fissures and imperfections in these films will allow the
electrolyte to come into contact with the metal surface so that
further reactions can occur within the film. The consequent
formation of lead chloride will tend to seal the imperfections 
»
so that an increased potential is required to maintain the 
electrode process*
When lead is polarised in concentrations of chloride 
solutions in which passivation occurs and the current is 
maintained constant by increasing the e.m.f., the true current 
density at the metal still exposed to the electrolyte, i.e. 
in the pores between the crystals or in the cracks which may
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develop, will be considerably* greater than the apparent current 
densityo The potential presumably attains a value at which 
other reactions can occur such as oxidation of lead 
ions to lead peroxide, chloride ions to chlorine and hydroxyl 
ions to. oxygen. The evidence that lead peroxide forms 
initially at the edges of the specimen confirms this view since 
the current is a maximum at these areas. The lead peroxide 
is not maintained on the lead surface due to rapid penetration 
by the chloride ion with the formation of lead chloride and 
resultant detachment of the oxide. It is well known that the 
chloride ion is inimicable to passivation by oxide films and 
Kabanov et. al.2S, Hoar36 and others have studied this in 
considerable detail. Periodic diffusion and migration of 
hydroxyl ions and water dipoles and chloride ions will result 
in the alternative formation and detachment of lead peroxide 
which either enters the electrolyte or remains admixed with the 
lead chloride. The discharge of chlorine and possibly oxygen 
at points on the metal surface and on the lead peroxide can 
cause disruption of the anodic film around and above these areas. 
Furthermore, stresses in the lead chloride may also result in 
parts of this film spalling off with the result that temporarily 
large areas of the metal surface are exposed with an accompanying 
current increase and potential fluctuation.
The discharge of chlorine and consequent formation of 
hypochlorite and chlorate may well assist in the direct oxidation 
of lead ions to lead peroxide. The particles of lead peroxide 
which could be filtered off from the solution were probably 
products of the anodic disintegration, but the fact that the 
solution still possessed a brown colour indicates that a certain 
amount of colloidal lead peroxide was present. The formation
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of lead peroxide in the electrolyte is probably the result 
of a series of reactions of the type:
PbCla + Cla = PbCIU 
PbCl4 +■ 2H30 = Pb09 + 4HC1 
The observation that under suitable conditions lower 
oxides of lead appear to form at the film/solution interface 
suggests that the formation is chemical rather than electro­
chemical. Wolf and Bonilla® in a similar study were able 
to show by X-ray techniques that one of the oxides formed was 
PbO. Burbank17 has discussed the formation of oxides at lead 
anodes and suggests that oxides may form as a result of reactions 
such as:
PbO + Pb03 = PbaOs 
2PbO -v- PbOa = Pb304
She considered that at sufficiently high potentials oxidation 
of water to oxygen would occur and this would react with PbO 
to form intermediate oxides.
The fact that no oxides of lead were observed to form 
when lead was polarised in 2M NaCl is of interest. The high 
potentials attained indicate that the lead chloride film is 
highly compact, possessing few imperfections so that there will 
be a high resistance to ion transport through the electrolyte 
which permeates the film. The fact that no lead peroxide was 
observed in these electrolytes clearly results from the high 
activity of chloride ions compared to hydroxyl ions. Evans37 
has suggested that the adsorption of chloride ions on a metal 
surface prevent hydroxyl ions or water dipoles from adsorbing 
and consequently prevents the formation of an oxide or hydrated 
oxide. Lower concentrations of chloride do not appear to be 
able to completely prevent the formation of lead peroxide.
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Since no darkening of the solution occurred at this 
concentration of sodium chloride indicating the absence of 
colloidal lead peroxide, it is apparent that the conditions 
in bulk of the electrolyte and at the anode are ini^icable to 
oxide formation. The addition of sodium hydroxide to such 
a solution resulted in the formation of a suspension of lead 
peroxide.
Investigations on the anodic behaviour of lead peroxide 
in chloride solutions (see chapter 5) showed that the lead 
peroxide is slowly dissolved in 2M NaCl.
The relationship between the duration of the low over­
potential period and the current density(int = const.) has 
been confirmed for the lead/sodium chloride system and good 
reproducibility for the time for passivation has been obtained. 
Briggs and Wynne-Jones could not obtain reproducible results 
and this may be due to the fact that they did not use an 
electronically stabilised constant current source.
It is evident from the results obtained that the method 
of preparation of the surface of the lead anode has little 
effect on the passivation of this system.
It was considered that the passivation time for lead in 
2M NaCl would be less than in 0«5M NaCl as the crystal nature 
of the anodic film is dependent to a considerable extent on 
the concentration of chloride ions at the anode surface? 
a high chloride ion concentration causing rapid nucleation.
The time to passivation is dependant on the rate at which the 
centres of crystallisation spread laterally over the anode 
surface, and to a certain extent on the rate at which small 
crystals are nucleated in the interstices of the initially 
formed crystals.
It is considered that in 2M NaCl at sufficiently high
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current densities, the formation of complexes occurs at 
the anode surface as a result of the high concentration of 
chloride ions;
PbCl2 + Cl* - PbCla ~
PbCl2 + 2C1* = PbCLi
The formation of these soluble complexes will retard the 
lateral growth of the lead chloride crystals so that the time 
for passivation is increased. As transport is mainly by 
chloride ions, a very high concentration of these ions will be 
present at the lead exposed to the electrolyte through the 
micro-capillaries and rapid blockage by the crystallisation of 
lead chloride will be prevented by the formation of complexes.
Soluble lead complexes have been known for many years 
and the present study has shown that the formation of such 
complexes may be studied by measurement of the time for 
passivation. The phenomenon of passivity can therefore be 
influenced not only by the nature and crystal form of insoluble 
or sparingly soluble salts but also by the formation of soluble 
complexes. It is of interest to observe that the passivation 
of lead in chromate solutions by a film of lead chromate, with 
consequent oxygen discharge,can be prevented by the presence of 
chlorates which prevent lead chromate depositing on the anode 
surface. Wagner 28 has examined this aspect in detail and it 
would appear that the two systems have certain similarities.
In the lead chromate system,soluble lead chlorate is formed 
thus preventing passivation, whereas in the present work complex 
lead ions are responsible for reducing the passivity.
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CHAPTER 4
THE ANODIC POLARISATION OF PLATINUM IN CHLORIDE SOLUTIONS,
Introduction
Although in the present work it was not intended to make 
a detailed study of the kinetics of oxygen and chlorine discharge 
at a platinum anode it was considered of interest to determine 
the overpotentials involved, and the reactions proceeding, when 
platinum is made anodic in those solutions in which the 
bielectrode was to be studied.
Although some work has been published on the discharge of 
chlorine.at platinum anodes in hydrochloric acid solutions 
little information is available on the polarisation of platinum 
in sodium chloride solutions.
From a consideration of the kinetics involved when an 
electrode is polarised in a solution of an electrolyte it is 
possible to derive an equation relating the activation over­
potential q with the current density i :
t] ~ a 4f- b log i 
(This equation was first obtained experimentally by Tafel.) 
where
a — 2*505 RT log i0 
a F
b = 2.505 RT 
a F
and R is the gas constant,
T =r the absolute temperature (°C)
F = Faradays constant, 
i — the exchange current density, i.e. the, 
current flowing across unit area of the 
electrode in ea.ch direction at the
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reversible potential, 
a ss the transfer coefficient, i.e. the
fraction of the overpotential assisting 
the overall direction of the reaction.
Plotting overpotential against log i should give a straight 
line providing that (a) the overpotential exceeds about 50 mV 
so that the reverse reaction may be neglected, (b) the 
concentration polarisation can be eliminated or reduced to a 
sufficiently insignificant value in comparison with the 
activation overpotential.
Table 2 gives some published values of a and i0 for the
discharge of oxygen and chlorine on 
TABLE 2.
platinum.
!SOLUTION i a i i A/cm2 '1 REFERENCE j
j 0.1N HaSO.-4 ; 0*45-0*67
-8 .11
■10 - 10 1
I HNOs , NaOH i 0*51 ! (0*6-l)xl0-i° 1
OXYGEN jpH 0*5-14 
j Phosphate
ij
i
i
!
i
j Buffer pH 6*8 
j 0-1N NaOH
i 0*29s
j 0-49-1*0
!
-e -13 
i 2x10 -4x10
I
2
1
CHLORINE
| IN HC1
! Various 
1 solutions
; 0*48
| 0.5-0*7
\
i . . ..... ...
| 5 x 10*3
io“3j
i
3
4 i
|
It has been established that surface oxidation may occur 
on a platinum electrode which is functioning as an anode in
aqueous solutions. The surface oxide has a high electronic 
conductivity so that transfer of charge between the metal and
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a reactant in the solution occurs without an appreciable 
increase in the thickness of the film. As the film is 
predominantly electron conducting rather than ion conducting 
it does not grow beyond one or two atomic layers. Providing 
the dissolution of this film is small the ion current at 
constant potential rapidly falls with time as the film thickens 
slightly, and Hoar5 has shown that at potentials equal or less 
than the 02/0H potential, only extremely small currents (of 
the order of 10 B A/cm? ) pass after some hours.
The exact nature of the oxide films formed under different 
conditions of potential and pH has not been established.
Pourbaix et al.® have determined the regions of the thermodynamic 
stability of the oxides of platinum over a range of pH and 
potential. Anson and Lingane7 were able to strip off the 
oxide films formed on platinum electrodes and have shown that 
these films consist of both PtO and Pt02 . They also showed 
that the amount of oxide formed is virtually independant of pH.
Laitenen and Enke8 studied the oxidation and reduction 
of oxide films on platinum and showed that these processes are 
highly irreversible.
The evolution of oxygen at a platinum anode has been 
investigated in considerable detail; most workers consider 
that the first step in the evolution process involves the 
oxidation of platinum to PtO or Pt02 although the formation of 
an ’’oxygen evolution intermediate” which is subsequently 
converted to PtO has been proposed by Laitenen and Enke8 ,
Llopis,and Colum9 and others. Izgaryshev and Yefinov10 were 
able to show how the extent of oxidation of the platinum affects 
the kinetics of oxygen evolution.
The earliest investigations on the anodic polarisation 
of smooth platinum in chloride solutions were made by Muller11, 
Luther and Brislee12 and Pfleiderer13. These workers observed
• 67
that chlorine.was first evolved at a potential in the vicinity 
of the reversible' value (l*36V)but as the current density was 
increased the potential suddenly rose by about 0*6V, It was 
observed that this potential increase occurred at lower current 
densities in alkaline solutions but in solutions of high chloride 
ion concentration a high current density was required* Luther 
and Brislee19 showed that previous anodic polarisation of 
platinum caused the rise of potential to occur at much lower 
current densities when the platinum was again anodically 
polarised, Pfleiderer13 found that small quantities of oxygen 
were evolved at the anode as well as chlorine and suggested that 
this was produced as a result of the reaction of chlorine with 
water, the reaction being catalysed by an oxide of platinum 
which formed on the anode, Grube14 and Foerster15 considered 
that the potential rise was due to the retardation of one of the 
intermediate stages in the formation of molecular chlorine from 
discharged, ions and was brought about by adsorbed oxygen or an 
oxide film on the platinum surface.
Glasstone and Hickling 16 in their studies of the anodic 
evolution of oxygen suggested that the formation of hydrogen 
peroxide was a necessary intermediate step. Subsequently 
these workers investigated the evolution of chlorine in acid, 
neutral and alkaline solutions of sodium chloride and in 
hydrochloric acid solutions. They showed that the potential­
time and potential-current curves were affected in a pronounced 
way by the addition of various substances such as manganous 
salts and powdered carbon which, they pointed out, were catalysts 
for the decomposition of hydrogen peroxide. As a result of this 
study they suggested that hydrogen peroxide plays an important 
role in the electrolysis of chloride solutions.
In some later work on the evolution of oxygen at platinum 
anodes, Hickling 17 added sodium chloride to the solutions he
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was investigating. He observed that in the presence of 
chloride ions the potential rose rapidly to that required for 
chlorine liberation and there was no sign of the gradual polari­
sation process characteristic for oxygen despite the fact that 
this normally occurred at a potential lower than that for 
chlorine. He was unable to explain this paradox and suggested 
that it was associated with an irreversible effect in the initial 
anodic process#
Chang and Wick18 studied the polarisation of platinum in 
IN HC1 saturated with chlorine and showed that at low current 
densities (up to about 60 mA/cm3) a Tafel relationship was 
obtained. They were of the impression that the deviation from 
linearity which was obtained at higher current densities was 
associated with the formation of an oxide layer on the platinum 
or the adsorption and subsequent discharge of oxygen.
Tedoradze19 studied, by means of polarisation curves and 
polarographic analysis, the processes occurring at platinum 
anodes in hydrochloric acid solutions and suggested that the 
retarding effects of oxygen adsorbed on the electrode surface 
are significant. Llopis30 investigated the effects of pH, 
temperature, and chloride ion concentration on the polarisation 
curves and considered that the formation of oxygen must influence 
the discharge of chlorine. He showed that the reaction:
2C1 + 2e = d a
*
is more or less irreversible and is independant of pH. Ruis and 
Calleja31 36 in a series of papers obtained similar results 
and they showed that the arrest in the potential - current 
curves occurred at a definite potential. They showed that 
above this potential oxygen as well as chlorine was discharged. _ 
Ruis, Llopis and Tordesillas37 studied the polarisation 
of platinum in hydrochloric acid solutions at low potentials and
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found that dissolution of the platinum occurred; a high 
concentration of chloride ions accelerating the attack. They 
reported that pretreatment of the electrode in an atmosphere of 
chlorine resulted in the platinum becoming effectively 
passivated during subsequent polarisation.
Gorbachev and Zhuk28 polarised a 10Rh/90Pt alloy in 
0*1M to 5’M sodium chloride, and in 5M NaCl containing hydro­
chloric acid or sodium hydroxide. They obtained current- 
voltage curves showing two regions; in the first they suggested 
that chlorine evolution was occurring on an unpassivated anode 
which was in fact dissolving, whereas at higher current densities 
the evolution of chlorine occurred on a passivated anode. They 
found that a Tafel relationship was not obeyed at high current 
densities and suggested that the mechanism of the electrode 
process changes with potential. They proposed that at low 
overpotentials and concentrations of chloride ions the 
discharge of chloride ions takes place at the electrode surface 
but as the chloride ion concentration increases, or at high 
current densities, this process is replaced by the discharge of 
chloride ions on a layer of adsorbed chlorine atoms.
Ksenchek29 has criticised the results of Gorbachev and Zhuk 
and has pointed out that these workers did not take into account 
an IR drop which must have been included in their measurements*
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Experiment al.
A platinum wire anode, prepared as described previously, 
was polarised in chloride solutions either initially free from 
or saturated with chlorine. The polarisation of platinum over 
a current density range 0 - 150 mA/cm2 was studied in the following 
solutions:
a) 0*5M NaCl (pH = 5«2>
b) 0*5M NaCl saturated with chlorine (pH = 2'2)
c) 0•5M NaCl + HC1 (pH = 0-75)
d) 2°0M NaCl (pH =5*2)
e) 2°0M NaCl saturated with chlorine. (pH = 2*7)
Three litres of electrolyte was used and was circulated 
at 500 cc/min in order to reduce the accumulation of reaction 
products especially in those solutions in which chlorine was 
initially absent, whilst at the same time creating sufficient 
turbulence to assist in reducing concentration gradients at the 
anode.
The anode was flushed with a stream of nitrogen in the 
solutions free from chlorine, but in the solutions saturated 
with chlorine the anode was flushed with this gas,
A 24V d.c. source in conjunction with suitable resistances 
was used to supply the current. The current was increased in 
small increments up to the maximum value and then decreased in 
similar increments, the anode potential being measured with a 
valve voltmeter. The measurement of potential was made 1 min 
after applying the required current as this time was found to 
be sufficient to obtain a steady reading.
The pH of the neutral solutions free from chlorine was 
measured colourimetrically with high accuracy pH indicator 
papers, the pH of the acidified solution and the solutions 
saturated with chlorine was measured with a glass electrode.
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Each experiment was repeated three times. Good reprod­
ucibility was obtained with 2M NaCl over the entire current 
density range but with 0 a5M NaCl reproducible results were 
obtained at low current densities ( 0 - 15 mA/cm2) but at 
higher current densities the reproducibility was only to within 
0«1V. The solutions saturated with chlorine showed rather 
better reproducibility.
Results»
Fig, 10 represents the results obtained from the anodic 
polarisation of a platinum anode in solutions of sodium chloride 
which initially contained no chlorine.
Polarisation in 2M NaCl (curve l) resulted in the discharge 
of chlorine at relatively low overpotentials up to a current 
density as high as 65 mA/cma at which value the potential was 
about 1»7V. As the current was increased, the potential under­
went a rapid increase of 0»4V to 2«1V; further increase of 
current causing the potential to rise gradually until at 
150 mA/cm2 it was 2*4V,
Decreasing the current (curve 2) resulted in a smooth 
curve that did not correspond to curve 1 and in particular showed 
no evidence of a sudden discontinuity corresponding to the 
sudden increase that occurred with a freshly prepared anode.
A further polarisation cycle in which the current was increased
as in curve 1, resulted in a curve which was similar to curve 2 
* .
and contained no sudden discontinuity (not shown in Fig.10),
Polarisation in 0*5M NaCl of pH 0*75 (solution c, curve 3) 
resulted in a curve which was similar initially to curve 1 
although the potentials over the entire current density range 
were somewhat higher. However at a current density of 15 mA/cm2 
and a corresponding potential of 1*6V a sudden potential increase 
occurred its magnitude being once again 0*4V, The anode potential
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F I G U R E  11 
E - i Curves for Platinum in Chloride Solutions.
- CURVE SOLUTION
1 and 2 (d) 2*0M NaCl (pH = 5*S
3 and 4 (c) 0«5M NaCl + HC1 (pi
5 and 6 (a) 0‘5M NaCl (pH = 5'J
)
= 0*75)
)
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E - log i Curves for Platinum in Chloride Solutions.
CURVE
1
2
1A
2A
3A
(a
(c
(a
(a
(c
(a
SOLUTION
0*5M NaCl ( Freshly prepare! anoae )
0* 5M NaCl + HCl( " " " )
2*0M NaCl (
0*5M NaCl (Anole polarise! to 150 mA/cm3) 
0* 5M NaCl + HCl(M ,f " " ” )
2* 0M NaCl ( ” " " ” " )
0-2 KH3P04 + 0'2M Na3HP04 (pH 6*8)
Overpotential for oxygen iischarge on 
platinum accoriing to Hickling an! Hill3 .
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at 150 mA/cfii^  was 2*'65V. Decreasing the current (curve 4) 
resulted in a similar hysteresis, and a further polarisation 
cycle gave curves which closely followed curve 4.
In 0*5M NaCl of pH 5*2 (curve 5) the potential increased 
rapidly as the current was increased to 7 mA/cm3 but at this 
value a change in the slope occurred. It can be seen that the 
potentials of the 0*5M NaCl were higher than those obtained with 
0*5M NaCl of pH 0*75 over the entire current density range and 
that this difference is more marked at the lower current 
densities. Curve 6 shows the considerably higher potential values 
that resulted on decreasing the current; on increasing the 
current again a curve was obtained resembling curve 6.
Saturation of the solutions with chlorine (solutions b 
and e) had little effect on the shape of the current-potential 
curves although it did tend to increase slightly the polarisation 
at a given current density. This caused the rapid potential
a
increase to occur at a slightly lower current density.
Similar hysteresis effects were observed as in the solutions 
initially free from chlorine.
Fig. 12 represents a plot of log i against potential for 
the polarisation of a platinum anode in solutions a, c and d, 
the corresponding curves being 1, 2 and 3. Curves 1A, 2A and 
3A represent the results obtained for an electrode which had 
been previously made anodic up to a current density of 150 
mA/cm3 in the solution being studied.
Curve 4 gives the results obtained by Hickling and Hill3 
for the anodic evolution of oxygen at a bright platinum 
electrode in a buffer solution of 0*2M KH3PO4 + 0-2M Na3HP04 
having a pH = 6*8 and is included for purposes of comparison.
Curves 1, 2 and 3 show three distinct sections, W-X and 
Y-Z being linear within the limitations that a) the
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polarisation exceeded about 50 mY saa d b) the current density 
was not greater than about 125 mA/cm2 above which value, 
concentration effects appeared to have significant influence.
Curves 1A, 2A and 5A show that a Tafel relationship is 
obeyed over a range of about 2 - 100 mA/cm3 provided the 
electrode is previously polarised in the electrolyte. The 
rapid increase in potential represented by X-Y on curve 1, 2 
and 3 occurred at much lower current densities (0-8 - 2mA/cm3) 
than was the case with a freshly prepared anode and is not 
included in fig.11.
According to the Tafel equation n =■ a +•• b log i
When n = 0, log i0 = - § .
b
The fraction of the overpotential a assisting the overall 
direction of the reaction may be calculated since:
a = 2 * 505 RT = 0*059
bF b
Table 3 gives values of a and the exchange currents 
calculated from the curves.
TABLE 3
\ SOLUTION
5- - --..
CURVE j a io A/cm3
f i ■ -3
1WX 0*205 1*85 X 10
! 0*5M NaCl 1YZ 0*089
I;
» 1A |j. . _j
0*143 0*17 X 10 3 t1... . i
s 2WX j 0*235 1-70 X
-3
10
j 0* 5M NaCl 2YZ I 0*089
+ HC1 2A j 0*130 0-49 X io“s
$
! 3WX | 0-400 4-45 X 10~8
1 2*0M NaCl 3YZ j 0*059
! 3A i 0*162 0*37 X 10~3
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Discussion.
The anodic behaviour of platinum in chloride solutions 
is necessarily complex since the nature of the anode surface 
changes as polarisation proceeds.
Most of the published work on chlorine evolution at a 
platinum anode emphasises the fact that in aqueous solutions 
the formation of an oxide film and/or the discharge of oxygen 
have some effect on the processes and, in fact, it is this 
influence of oxygen that is often used to explain the 
irregularities of the potential - log i relationship of this 
system.
It is evident from thermodynamic considerations:
2C1~ 4f 2e = Cla
E = 1*359 -H- 0*0295 log p^_ - 0*059 log a -
OX*} vl
02 + 4H* + 4e 2H30.
E = 1* 23 - 0*059 pH 
that the oxidation of hydroxyl ions or water should occur in 
preference to the oxidation of chloride ions. However, the 
electrolysis of aqueous chloride solutions using a platinum anode 
results in chlorine evolution being the predominant process as it 
is kinetically easier for chloride ions to be oxidised and 
discharged than hydroxyl ions or water dipoles. Hickling 17 
has examined this phenomenon and suggests that it is associated 
with an irreversible effect in the initial anodic process.
The exact nature of the influence of oxygen on chlorine 
discharge at a platinum anode has not been established and in 
fact only Rius and Callejaa4 in their investigations of chlorine 
discharge from hydrochloric acid solutions claim to have shown 
that oxygen is actually evolved at the anode. At low 
potentials, below the break in the current-potential curve, 
only chlorine was evolved; at potentials exceeding this value
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both oxygen and chlorine were obtained although the yield of 
oxygen was small. In a previous paper Rius and Calleja23 
showed that a similar break occurred in certain solutions 
of alkali, which contained no chloride ions, and thus 
concluded that the cause of this break is not due to the presence 
of chloride ions but is an intrinsic property of platinum.
Later these workers suggested that the break in the curve is 
due to passivity arising from a modification of the electrode 
surface26•
Rius and Alonso30 in their investigations on the 
passivation of platinum in various electrolytes, including 
chloride solutions, suggested that a theory based on the 
formation of oxide films is difficult to justify and they 
maintained from their observations that passivation was due 
to a physical change on the platinum surface.
Llopis20 explained the irreversibility of chlorine 
discharge on platinum, and the jump in the current- 
potential curves by assuming that anodic evolution of oxygen 
was accompanied by a simultaneous oxidation of the platinum 
surface. Similar suggestions were made by Chang and Wick 18 
and Tedoradze10•
Gorbachev and Zhuk28 were of the impression that no oxygen 
evolution occurred and they emphasised that the electrode 
processes are extremely complex and probably change with 
potential.
From the experiments conducted in the pres'ent work it is 
clear that the sudden increase of potential in the current- - 
potential curves is related to an irreversible phenomenon 
at the electrode surface. It is clear that once this jump 
has occurred the nature of the anode surface has been altered 
as the curve cannot be reproduced until the platinum
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has been cleaned. The potential at which the jump occurs 
has been determined as 1*6- 1°7V and corresponds to the value 
obtained by Gorbachev and Zhuk38. Llopis30 and Rius and Calleja34 
obtained this jump at a slightly lower potential of 1*5V; 
however these workers were' using far more complex solutions than 
the solutions used in the present work or in the investigations 
of Gorbachev and Zhuk. The potential of 1»6V is well above 
that required for the formation of the oxides of platinum 
PtO and Pt036 , which are thermodynamically stable above a 
potential of about 0*4-V in neutral solutions and 0*9V in acid 
solutions (pH l).
It can be seen that the evolution of oxygen at a platinum 
anode in neutral solutions, fig.11, curve 4, is unlikely at 
current densities corresponding to the potential jump.
According to recent theories on oxygen evolution ate platinum 
electrodes 6 * an oxide film is &. necessary prerequisite for the 
formation of gaseous oxygen and it is probably this oxide film 
which is in some extent responsible for the large overpotentials 
involved in oxygen discharge. In the absence of an oxide film 
the discharge of oxygen at a platinum surface would probably 
occur at much lower potentials than those given by curve 4.
The fact that considerably lower overpotentials are 
involved when platinum is polarised in 2M NaCl than in 
0*5. NaCl, (an observation also made by Pfleiderer18 and 
Gorbachev and Zhuk38) can only be due partly to the rate of 
diffusion of chloride ions to the electrode being insufficient 
in the 0*5M NaCl to keep pace with the rate of ionic discharge, 
since the addition of only small quantities of hydrochloric 
acid to 0*5M NaCl reduces the overpotential and suggests that 
diffusion is not the sole controlling factor.
80
It is clear from the results obtained (fig.io) that the 
platinum undergoes a change in its surface properties after
being polarised in sodium chloride and repdLarising such an
anode results in the initial part of the current-potential curve 
being displaced to higher potentials* This effect has also been
observed by Luther and Brislee13. The current density range over
which a freshly prepared platinum anode will discharge chlorine 
at low overpotentials is evidently a function of both the 
chloride ion concentration and pH and both a high chloride 
ion concentration or a low pH will retard passivation*
Hickling17 has made a similar observation.
From the experimental evidence it appears that the sudden 
rise in potential at about 1*6V is due in some measure to the 
rapid formation of an oxide film, a high chloride ion concentration 
or low pH retarding this effect* Anson and Lingane7 have shown 
that both PtO and Pt02 are slowly dissolved in mixtures of 
sodium chloride and hydrochloric acid solutions. Below a 
potential of 1«6V it appears as if the retarding influence of 
chloride is such as to prevent the formation of a passivating 
film, but as the potential is increased oxidation occurs rapidly.
In addition to the formation of an oxide film the evolution of 
oxygen at a potential of about 0*8yin neutral solutions on the 
unoxidised anode may also have a contributory effect to the 
onset of passivation.
Thus the two linear sections obtained for curves 1, 2 
and 3, (fig.ll) may be explained by assuming that the 
polarisation of a freshly prepared anode occurs in two stages:
1) at low overpotentials chlorine is discharged on an 
oxide-free platinum surface (section W-X),
2) sections Y-Z correspond to the discharge of chlorine 
and possibly oxygen on an oxidised platinum surface;
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the onset of oxidation of the platinum being 
represented by X-Y.
The deviation from linearity at high current densities 
is probably due to concentration polarisation.
The Tafel curves obtained for the evolution of chlorine 
oh an anode polarised at .150 mA/cma (curves 1A, 2A and 3A,) 
indicate that once the platinum has been prepolarised at high 
current densities the surface is modified so that subsequent 
discharge occurs by a somewhat different mechanism to that 
prevailing when the oxide film is forming. It is possible 
that point Y on curves 1, 2 and 3 does not represent the 
completion of oxide film formation which may continue to 
thicken or extend over the surface with passage of charge,
A comparison of the parameters a and i0 obtained in this 
investigation (table 3) with published values (table 2), 
shows that the values obtained for 2M NaCl, at potentials 
less than that required to passivate the anode, are similar 
to those quoted for IN HC1. In the more dilute solutions, 
or under conditions where the anode is passivated oc is 
considerably decreased.
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CHAPTER 5
THE .ANODIC BEHAVIOUR OF LEAD PEROXIDE IN SODIUM
CHLOFiIDE SOLUTIONS.
Introduction.
A knowledge of the anodic behaviour of lead peroxide 
in sodium chloride solutions was considered a necessary pre­
requisite to an understanding of the electrochemical behaviour 
of the bielectrode, which, in the fully formed state, is 
covered with a layer of this oxide.
Lead peroxide exists as two polymorphs:
1) a - Pb03 possessing an orthorhombic structure.
2) g - PbOg of tetragonal structure.
The crystallographic structure of these modifications 
has been studied in detail by Ferrari1 and Thomas3 
(g - Pb02) and by Zaslavskii and Tolkachev® (a - Pb02).
The type of lead peroxide formed anodically on inert 
electfrodes depends upon the current density (potential), the 
pH, and the nature of the ions present in the solution. 
Zaslavskii, Kondrashov and Tolkachev4 studied the conditions 
required for the formation of each modification and showed that 
both a and g Pb03 can be deposited from specific solutions; 
a - Pb03 is formed in plumbite, acetate and neutral nitrate 
solutions while g - PbOa is deposited from a wide variety of 
' solutions of low pH. The anodic polarisation of lead in acid 
and alkali solutions may give rise to both modifications 
simultaneously. Thus Bode and Vosss showed that small 
quantities of a - Pb03 may be present in the g - Pb03 
produced at the positive plate of the lead accumulator, and the 
values obtained for oxygen discharge on lead polarised in- 
N KOH by Jones, Thirsk and Wynne-Jones6 indicate that
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B - PbOa must have been present.
Lead peroxide is a conductor of resistivity 1-4 x 10 ;
no other chemical compound possessing such a low resistivity.
It has been established2’7 that this conductivity is
associated with the non-stoichiometry which this oxide possesses 
and Ruetschi and Cahan7- have shown by analysis that both 
modifications of lead peroxide have a composition PbOi.94 to
PbOl.96 .
As a result of measurements of the electrical properties of 
lead peroxide, Thomas2 , Ruetschi and Cahan7 and others, 
deduced that the conductivity is due to the existence of free 
electrons in the lattice. They showed how these electrons 
arise as a result of the departure from stoichiometry in the 
direction of oxygen deficiencies although it has not been 
firmly established whether lead peroxide is a metal excess or 
an anion defect type of conductor. Anderson8 has studied the 
significance of non-stoichiometry in metal compounds and correlates 
the nature of the structural defect with the properties of such 
compounds.
Although some work has been published on the overpotential 
of oxygen discharge on lead peroxide no information is available 
on the discharge of chlorine at lead peroxide anodes. This is 
surprising in view of the widespread application of this 
material as an inert anode in the electrolysis of brine solutions9 •
Jones, Lind, and Wynne-Jones10 studied the discharge of 
oxygen on B — PbOa in sulphuric acid solutions over a wide 
current density range and showed that a Tafel relationship is 
obeyed, the slope b having a value 0*188. They showed that 
oxygen discharge on lead peroxide occurs at slightly higher 
potentials(50mV) then on smooth platinum. Sugino, Tomonari 
and Takahashi11 similarly studied oxygen discharge on B “ PbOg
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but obtained lower potentials than those for smooth platinum.
The log i/potential curve had a gradient 0-130. Ruetschi 
and Cahan7 investigated oxygen discharge on a and £ - Pb03 
in sulphuric acid at low current densities ( 0*05 - 2 mA/cm2 ) 
and showed that a - Pb03 discharges oxygen at lower over­
potentials than £ - Pb03 ; ( b for a - Pb03 = 0*051, 
b for 6 - Pb03 = 0*121 ).
Little information is available of the overpotentials of 
oxygen discharge on lead peroxide in neutral solutions.
Miyake12 studied the discharge of oxygen in sodium sulphate 
solutions, but only at low current densities; ( 0*001 - 2 mA/cm2).
Jones, Thirsk and Wynne-Jones6 investigated the over­
potentials of oxygen discharge on lead peroxide in N KOH up to 
a current density of 100 mA/cm2 , a Tafel relationship of gradient 
0*118 being obtained. They showed that unless certain 
precautions are taken, incorrect overpotential values are 
obtained due to the fact that the anode surface may change as 
polarisation proceeds.
Experimental.
The anodic behaviour of lead peroxide was studied in
sodium chloride solutions of concentrations 2M and 0*5M over a
current density range 0-150 mA/cm2. The method of 
preparation of the lead peroxide has been discussed in chapter 2.
Since the anode, which consisted of a sheet of lead 
"peroxide, could not be accommodated in the cell, it was 
suspended over a sintered glass gas agitator in a beaker of 
2 1 capacity. The anode was flushed with nitrogen and in 
addition the solution was agitated with a magnetic stirrer.
A constant current source incorporating a 24V d.c. supply
was employed,as described in chapter 2,
The current was increased in small increments up to the 
maximum value and then decreased again in similar increments.
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The anode potential was measured with a valve voltmeter in 
conjunction with a silver/silver chloride electrode mounted 
in a glass probe containing the solution the tip of which was 
held 1 mm from the anode surface*
Each run was conducted three times the reproducibility 
being good once a current density of about 2mA/cms had been 
exceeded. Below this current density the potential for a 
fixed current was liable to vary by as much as 0*1V.
The anode was cleaned before each run by wiping with 
cotton wool saturated with dilute nitric acid followed by 
thorough washing with distilled water.
Results*
Fig.13. represents the log i/potential curves for the 
polarisation of lead peroxide in 2M NaCl (curve l) and 0«5M 
NaCl (curve 2). Curve 3 represents the log i/potential 
relationship obtained by Jones, Lind and Wynne-Jones10 for the 
polarisation of lead peroxide in M H2S04 and curve 4 gives the 
values obtained by Jones, Thirsk and Wynne-Jones6 for oxygen 
discharge on lead peroxide in N KOH. Oxygen discharge on 
lead peroxide in neutral solutions would presumably occur 
at potentials intermediate between curves 3 and 4.
Polarisation in 2M NaCl resulted in lower potentials 
being obtained than in 0*5M NaCl; at current densities below 
i about 2 mA/cm2 the polarisation curve for both solutions was 
irreproducible. At high current densities; above about 
120 mA/cm2 the curves deviated from linearity.
Inspection of the anode after the runs in 2M NaCl showed 
that the surface had been attacked. The smooth finish which 
the anode had possessed was replaced by a rough pitted surface. 
This attack was not observed on anodes polarised in 0*5M NaCl.
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F I G U R E  13.
E - log i Curves for Lead Peroxide in Sodium Chloride
Solutions.
CURVE SOLUTION
1 2^  OM NaCl
2 0*5M NaCl
Overpotential of oxygen discharge on lead peroxide
M H2S04 ( according to Jones, Lind and
Wynne-Jones10 )
N KOH ( according to Jones, Thirsk 
and Wynne-Jones6 )
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Table 4 gives values of the transfer coefficient a, the 
gradient b, and the exchange currents io obtained from curves 
1 and 2.
TABLE 4.
SOLUTION a io A/cms
2 -OM
NaCl
0-218 0*27 4 x 10
0-5M
NaCl
0*34 0-174 8 x 10
-6
Discussion.
The information obtained for chlorine discharge on lead 
peroxide is obviously of fundamental importance in order that 
the processes occurring on a bielectrode may be understood.
However direct correlation of overpotential data obtained on 
a lead peroxide specimen possessing a smooth surface cannot 
be made with the information obtained from a bielectrode.
This results from the fact that the surface of lead peroxide on. 
a bielectrode is far from smooth, and the apparent current density 
bears no resemblance to the true value.
It has been shown by Hickling and Hill10, by Jones, Thirsk 
and Wynne*--Jones6 and others that the potential of an electrode 
at which oxygen is being evolved may vary considerably with time.* 
Jones et. al. 6 ’ 10, overcame this difficulty by employing a 
technique by which the anode surface remained constant. The
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precautions employed by these workers could not be used in the 
present study and thus it is believed that the surface of lead 
peroxide was probably changing to a certain extent on 
polarisation since it is considered that chlorine discharge is 
likely to influence the anode at least as much as oxygen.
Observation of the lead peroxide polarised in 2M NaCl 
clearly indicated that the anode surface was affected and was 
in fact being dissolved. This was probably due to the 
formation of soluble lead complexes at high concentrations of 
chloride ions. This was observed on anodically polarising 
lead in 2M NaCl (see chapter 3). The process of dissolution 
probably occurs as a result of a reaction of the type:
Pb03 * 4Cl“ + 4Hfr + 2e = PbClT” + 2H30
and the formation of hydrochloric and hypochlorous acids in the 
near vicinity of the anode will facilitate this process.
It can be seen from fig. 13. that the discharge of 
chlorine on lead peroxide occurs in preference to oxygen up to 
high current densities. Above a current density of about 
50 mA/cm8 it is possible that oxygen evolution occurs in 
0*5M NaCl whereas in 2M NaCl oxygen evolution is unlikely until 
the current density exceeds about 150 mA/cm8•
The lower overpotentials for chlorine discharge in 2M NaCl 
than in 0*5M NaCl is probably associated with two factors:
1) The rate at which chloride ions diffuse to the 
anode in 0«5M NaCl is insufficient to keep pace with the rate of 
ionic discharge (see chapter 4).
2) The anode is attacked in 2M NaCl and the surface 
area increases thus decreasing the true current density. 
Furthermore the mechanism of ionic discharge is probably. 
significantly affected if the anode is undergoing dissolution.
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The deviation.from linearity observed at high current 
densities was similarly observed for the discharge of chlorine 
on platinum,(see fig.13) and is probably due to concentration 
overpotential.
Comparison of the overpotential data for oxygen discharge 
on a and' B - PbOs suggests that if both species are present 
(which is likely for lead made anodic in acid or alkali solutions), 
oxygen will be preferentially discharged on the B modification. 
Considering; the values for the transfer coefficients and 
exchange currents for oxygen discharge on platinum14 and on 
B - PbOa 7 leads one to the impression that a similar 
mechanism is involved15. However, a comparison of the parameters 
for chlorine discharge on lead peroxide and on platinum indicates 
that discharge must occur by somewhat different mechanisms.
93
CHAPTER 5
REFERENCES
A. Ferrari, R.C. Accad. Lincei. 1925, 2_, 186.
U.B. Thomas, Trans. Electrochem. Soc. 1948, 94, 42.
A.I. Zaslavskii and S.S. Tolkachev, Zh. Fiz. Khim.
1952, 26, 743.
A.L. Zaslavskii, Yu. D. Kondrashov and S.S. Tolkachev, 
Dokl. Akad. Nauk. S.S.S.R. 1950, 75, 559.
H. Bode and E. Voss, Z. Elektrochem. 1956, 60, 1053.
P. Jones, H.R. Thirsk and W.F.K. Wynne-Jones, Trans.
Faraday Soc. 1956, 52(7), 1003.
P. Ruetschi and B.D. Cahan, J. Electrochem. Soc.
1958, 105(7), 369.
J.S. Anderson, The Physical Chemistry of Metallic 
Solutions and Intermetallic Compounds,
Vol.2. N.P.L. Symposium No.9. H.M.S.0. London, 1959
a. K. Sugino and M. Yamashita,
J. electrochem. Ass., Japan, 1947, 15_, 61
b. J.C. Schumacher, D.R. Stern and P.R. Graham,
J. Electrochem, Soc. 1958, 105, 151.
c. G. Angel and H. Mellquist, Z. Elektrochem. 1954,40,702.
P. Jones, R. Lind and W.F.K. Wynne-Jones, Trans. Faraday
Soc. 1954, 50(9), 972.
K. Sugino, T.Tomonari and M. Takahashi, J. chem. Soc.
Japan, (ind. ChenO 1949, 52, 75.
S. Miyake, J. Japan Inst. Metals, 1954, 113, 548.
A. Hickling and S. Hill, Disc. Faraday Soc. 1947, 1, 256.
J. 0*M. Bockris, Modern Aspects of Electrochemistry;" 
Butterworths, London, 1954, p. 228.
P. Ruetschi and P. Delahay, J. chem. phys. 1956, 23, 556.
CHAPTER 6.
THE ANODIC OXIDATION OF Pb'1"+ TO LEAD PEROXIDE ON PLATINUM
FROM.SODIUM CHLORIDE SOLUTIONS CONTAINING LEAD CHLORIDE.
In order to assess the role which a platinum micro­
electrode plays in initiating the formation of lead peroxide 
on a bielectrode, it was decided to study the anodic 
oxidation and deposition of this oxide on to platinum from 
sodium chloride solutions containing lead ions and from 
saturated solutions of lead chloride*
The investigation was carried out in two parts by 
determining:
1) the effect of chloride ion concentration on the 
efficiency of lead peroxide deposition, and
2) the influence of chloride ion concentration and pH
on the potentials required for the deposition of lead peroxide*
Little quantitative information is available on the anodic 
oxidation of. solutions of lead salts to a or 8 -Pb03 but 
Fleischmann and Liler1 examined the kinetics of deposition 
of a-PbOa from acetate solutions. They obtained the magnitudes 
of overpotentials involved and the rate constants, and predicted 
from their observations that the formation of lead peroxide 
occurs via an intermediate ion of the type Pb(OH)^+.
Ruetschi and Cahan3 examined the mechanism of formation 
of both oxides in sulphuric acid and suggested that the formation 
of a-Pb02 occurs via an intermediate comply of tetravalent 
lead with hydroxyl groups whereas 8 -Pb03 proceeds via a 
complex of tetravalent lead with other groups such as S04 •
According to the investigations of Zaslavskii, Kondrashov 
and Tolkachev® and Zaslavskii and Tolkachev4 the electrolysis
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of solutions containing lead ions between platinum
electtrodes results in the deposition of £ -PbOa from acid
and a from alkaline solutions, although both polymorphic
forms may be deposited under certain conditions, (see also
chapter 5), Burbank5 has investigated the oxidation of
plumbous ions and confirms the results of Zaslavskii et al. *3’4 .
The thermodynamics of the lead-water system have been 
studied by Delahay, Pourbaix and Van Rysselberghe6 • They 
deduced the domains of occurrence of lead and its derivatives, 
i.e., ions, oxides and hydroxides and presented their results 
in the form of a potential-pH diagram (fig. 18) .
Inspection of the potential-pH diagram for the Pb-HaO system 
shows that lead peroxide will be formed as a result of the 
direct oxidation of lead ions. At higher pH values lower 
oxides of lead will be deposited prior to the formation of lead 
peroxide. Ruetschi and Cahan7 have pointed out that concentration 
terms other than pH can fundamentally affect the thermodynamic 
reversible potentials and thus for each anion present, the 
potential-pH diagram may have an entirely different configuration.
Experimental.
In the first series of experiments, in which it was intended 
to determine the efficiency of deposition of lead peroxide on 
to platinum, eight solutions were studied:
l) Saturated lead chloride (approximately 10g/l).
2) 0* 2M NaCl saturated with lead chloride.
3) o'* 5M " t» ti
it it
4) 0*8M " it ti tt tt
5) 1-OM " M M it tt
6) 1°3M ” II It it ti
7) 1* 6M " It It tt tt
8) 2-OM : " II It
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A platinum sheet anode j (0»02 in. thick) 0f total area 
1 cm8 was spot welded to a length of j , platinum wire
so that it could be suspended in a beaker of 2 1. capacity 
and be positioned over a sintered glass nitrogen gas agitator. 
The beaker was equipped with a magnetic stirrer.
A current of 10 mA was passed between the anode and a 
platinum sheet cathode for fixed intervals of time after which 
the anode was removed from the solution, washed with distilled 
water, dried in a blast of warm air, and weighed. The current 
was drawn from an electronically stabilised constant current 
source.
Each experiment was repeated at least twice and it was 
found that reproducible weight increases were obtained provided 
the rate of stirring of the solution exceeded a certain minimum 
value.
A solution consisting of 10 cc nitric acid, 10 cc hydrogen 
peroxide (20 vols.) and 80 cc of water was found to be 
particularly suitable for stripping off deposits of lead 
peroxide.
In the second series of experiments in which the over­
potentials involved in the deposition of lead peroxide on to 
platinum were determined, solutions of varying chloride ion 
concentration and pH were examined; see table 5.
The solutions of low pH were prepared by saturating the 
sodium chloride solution with lead chloride at 25 c followed 
by the addition of 0*1N HC1 until the required pH was obtained. 
The liquid was decanted off from the excess lead chloride and 
its pH was checked.
To prepare the solutions of high pH, sodium chloride of 
the required molarity was saturated with lead chloride at......
25°C and 0-1N NaOH was added dropwise with continuous stirring.
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When the required pH was obtained, the solutions were filtered 
through glass filters in order to remove the precipitated lead 
oxides and hydroxide. The employment of Whatman glass (GF/A) 
filters prevented the pick up of impurities (such as cellulose) 
which are present in normal filter papers.
The activity of plumbous ions in the solutions was measured 
with a lead amalgam as described in chapter 2.
The solutions were studied in the cell employing a platinum 
wire anode, 3 1, of solution being used and circulated at 
200 cc/min.
The experiments were conducted potentiostatically, the 
anode potential being increased in small increments and the 
current being measured after a period of 1 roin, which was found 
to be sufficient to give a steady reading.
Each experiment was repeated three times, and the mean 
value was taken. The reproducibility of the potential-current 
curves was within 5mV for the solutions of pH less than 5 
and within 10 mV for the solutions of higher pH,
Results.
Galvanostatic studies.
Fig, 14 represents the relationship between the weight of 
lead peroxide deposited at 10 mA/cm3 and the number of coulombs 
passed (q ) for various concentrations of sodium chloride 
saturated with lead chloride and for saturated lead chloride 
solution. Included in fig. 14 is a curve representing the 
theoretical weight of lead peroxide which would be deposited 
at 100% efficiency.
In saturated lead chloride solution (curve l) there was 
a linear increase of weight with Q but deposition of lead^ 
peroxide did not occur with 100% efficiency.,, The deposition 
of lead peroxide from 0*2M NaCl (curve 2) indicates that the
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F I G U R E  14.
Relationship Between Weight of Lead Peroxide Deposited
and Molarity of Sodium Chloride.
(current density = 10 mA/cm2)
CURVE SOLUTION
1 Satd. lead chloride.
2 0«2M NaCl satd. with lead chloride.
3 0*5M NaCl " " "
4 0* 8M NaCl " " » "
5 1 *0M NaCl " " " "
6 1-6M NaCl M " ,! "
7 2*0M NaCl " " " "
F I G U R E 15.
Relationship Between Efficiency of Deposition of Lead
Peroxide After Passage of 30 Coulombs and the Molarity
of Sodium Chloride.
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addition of only small quantities of sodium chloride 
substantially decreases the quantity of lead peroxide 
deposited.
As the concentration of sodium chloride was further 
increased (curves 5, 4 and 5) the deposition of lead 
peroxide was retarded to greater extents but it was 
observed that once a layer of peroxide had been established 
on the platinum,■the rate of deposition increased. This 
can be observed from the change of slope of curves 4 and 5 
after the passage of about 16 coulombs.
With 1*6M NaCl (curve 6) very little lead peroxide was 
deposited during the passage of the first 24 coulombs, the 
anode being covered at this stage with a light brown 
transparent film. Further passage of current resulted in 
a slightly more rapid weight increase.
There was little change in the appearance of the anode 
in 2*0M NaCl (curve 7) and only after the passage of 
30 coulombs could a slight darkening of the surface be 
observed.
Discharge of chlorine at the anode: was particularly 
noticeable in the solutions of high chloride ion concentration, 
the liberated chlorine and/or the hypochlorous acid produced 
in the vicinity of the anode causing oxidation of plumbous 
ions to lead peroxide with an accompanying darkening of 
the solutions.
Fig.15 represents the relationship between the 
efficiency of deposition of lead peroxide (calculated from 
the results of fig.14 after the passage of 30 coulombs) 
and the molarity of sodium chloride.
Potentiostatic studies.
The composition, pH and activity of plumbous ions in
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T A B L E  5
SOLUTION pH : apb++ aHPbOj
Satd# ■ 
PbCl3
4*38 5-30 x 10*®
0*5M a 
NaCl b 
c
d*
e
12.1
10.0
8*7
4.5
3*0
-
2.44 x 10“ia 
6-54 x K T 1* 
4*89 x 10 
10*7 x 10“5 
9.35 x 10"8
3*30 x 10*1 
4*42 x 10~® 
4.16 x 10
1*0M f 
NaCl g* 
h
11-7
4*65
3*7
2*88 x 10"11 
3*31 x 10“5 
3*99 x 10“5
2*45 x 10’4
1*5M i#
NaCl
4-75 1*48 x 10~5 -
2*0M j* 
NaCl
4*80 9.08 x 10-5 -
Values of pH, api:)++ an(* ^p^Og for the solutions studied
potentiostatically.
The solutions marked with an asterisk represent those saturated 
with lead chloride and containing no additions of acid or 
alkali.
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F I G U R E  16.
F. - i Relationship for the Deposition of Lead 
Peroxide on to Platinum.
CURVE SOLUTION
1 0*5M NaCl saturated with lead chloride,
2 1 «5M NaCl "
5 1*0M NaCl "
4 2-OM NaCl "
5 Satd. lead chloride.
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the solutions which were studied potentiostatically are 
given in table 5.
The results of the potentiostatic experiments conducted 
to determine the potentials at which lead peroxide is formed 
on platinum in various concentrations of sodium chloride 
saturated with lead chloride (solutions d, g, i and j,) and 
in saturated lead chloride solution, are given in fig, 16.
Polarisation in 0»5M NaCl (curve l) resulted in the 
passage of a very small current (0 - approximately 4 ^iA/cm2) 
until a potential of 1»14V was reached at which value the 
current rapidly increased for a very small increase in 
potential, indicating the onset of a reaction involving the 
discharge of ions. At 1*15V the current had reached a value 
of 90pA and lead peroxide was observed to be rapidly covering 
the anode.
At higher concentrations of sodium chloride (curves 
2, 5 and 4) a similar sequence of events occurred but the 
sudden increase of current occurred at higher potentials than 
in the 0 5 M  NaCl. In 1*5M NaCl (curve 2) and 2*0M NaCl 
(curve 4) the amount of lead peroxide formed on the anode was 
observed to be extremely small even if the potential was maintained 
for a considerable time at a value such that the current 
density was as high as 100 pA/cm2 •
The polarisation of platinum in saturated lead chloride 
solution (curve 5) resulted in a very sudden current increase 
as the potential was raised slightly above 1»21V. Lead 
peroxide was observed to form simultaneously with the occurrence 
of this sudden current increase.
From the K. - i plots obtained in this investigation it 
was possible to determine quite accurately the potentials--at 
which lead peroxide started to form on to platinum. These
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potentials are given in table 6 and are marked with an 
asterisk*
The potentiostatic study of platinum in 0-5 M NaCl 
solutions a, b, c, (d), and e, fig. 17 gave two distinct 
types of curves.
In solution (a) (pH 12*1, curve l) only an extremely 
small current passed (approximately 1 i^A) until a potential 
of 0-53V was exceeded whereupon there was a rapid current 
increase. At a potential of 0*63V, at which value the 
current density was 0*58 mA/cm3, (curve 2) further potential 
increase to 0-96V had little effect on the current which 
remained almost constant. At this stage the anode was
observed to be covered with an orange-red deposit. As the
potential was further increased, the current rapidly rose 
and simultaneously the anode film was observed to darken, 
presumably due to the formation of lead peroxide.
Polarisation in solution (b) (pH 10, curve 3) resulted 
in no current flow until a potential of 0«61V was exceeded. 
Above this voltage the current gradually rose until at a
potential of 0*75V the current density was 10 jxA/cm3 .
Increasing the potential from 0*75 - 0-90Vcaused only a very 
slight increase in current and at this stage the appearance 
of the anode had not altered. Above 0-9V there was a rapid 
current increase and lead peroxide was observed to be rapidly 
'depositing on to the platinum. A similar sequence of events 
was observed with solution (c) (pH 8-7, curve 4).
Curve 5 representing the polarisation of platinum in 
solution ©  has been discussed previously but is included for 
purposes of comparison.
In solution (e) (pH 3*0, curve 6) increasing the potential 
from 1-20-1-26V resulted in a gradual increase of current to
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F I G U R E  17.
F - j Relationship for the Deposition of Lead 
Peroxide on to Platinum.
CURVE SOLUTION
(a) 0*5M NaCl pH 12*1
(b) 0«5M " pH 10-0
(c) 0*5M " pH 8*7
(d) 0«5M 11 pH 4-5
(e.) 0-5M " pH 5*0
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about 10 pA/cm2. At potentials above 1*27V the current 
density increased rapidly but there was no evidence of lead 
peroxide formation on the platinum even at current densities 
as high as 100 pA/cm2 .
A similar investigation was conducted with l^OM NaCl; 
solutions (f) and (h). ' The curves which were obtained were 
very similar to curves 1 and 6 fig.17 and are therefore not 
included.
The potentials corresponding to the commencement of an 
anodic reaction obtained from fig.17 and in the experiments 
conducted in 1«0M NaCl are given in table 6. Due to the 
relatively gradual current increase which was observed on 
polarising platinum in the acidified solutions it was 
difficult to determine an accurate potential corresponding to 
the onset of a particular reaction for these solutions.
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Discussion
An analysis of the behaviour of platinum in the 
solutions investigated is complicated because more than one 
reaction can occur at the anode at the same potential*
Also, due to the composition of some of the solutions, a 
simple thermodynamic analysis based on available potential- 
pH data (fig.18) cannot be applied.
In the constant current experiments (fig.14) the fact 
that 100% efficiency of deposition of lead peroxide was never 
achieved, indicates that at least one alternative electrode 
process was proceeding at the current density (potential) 
employed. The most likely reactions under these conditions 
would be the discharge of chlorine (see fig# 12, chapter 4) 
and the accompanying oxidation of the platinum surface but 
oxygen discharge at the potentials involved would be unlikely. 
Discharge of Pb++ (whose transport to the anode would depend 
upon diffusion, or complex lead anions which, possessing a 
negative charge, would travel to the anode by migration and 
diffusion) at a considerable rate would involve substantial 
concentration and possibly activation overpotentials so that 
the discharge of chloride ions would occur as an alternative 
process.
The fact that at high concentrations of chloride ions, 
little or no lead peroxide is formed may be due to more than 
one factor. Lead peroxide has been found to be unstable 
when made; anodic in solutions of high chloride ion concentration, 
and tends to dissolve (see chapter 5). In addition chloride 
ions will migrate to the anode and be strongly adsorbed on the 
electrode. It is possible that this adsorption may cause 
the repulsion pf positively charged lead ions and may also
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present a barrier to the attachment of weakly negatively charged 
complexed lead ions to the platinum surface. Furthermore 
this layer of chloride ions will prevent the adsorption of 
hydroxyl ions which are a necessary prerequisite to the 
formation of lead peroxide (see below). Evans8 has discussed 
the effect which chloride ions have in preventing the 
adsorption of hydroxyl ions.
According to Fleischmann and Liler1 the formation of lead 
peroxide requires the interaction of adsorbed hydroxyl ions 
and lead ions:
Pb++ + OH J + 0H~ - e -^Pb(0H)8++ = PbOa + 2H+
ads.
The prevention of hydroxyl ion adsorption would therefore retard 
the initial (slow) stage of the reaction.
The observation that once a thin layer of lead peroxide had 
formed on the anode in solutions ^  0-8M NaCl that further passage 
of charge resulted in more rapid oxide formation (i.e. an 
auto-catalytic effect) may be caused by lead peroxide being able 
to nucleate further growth more rapidly due to:
1) lowering the required activation energy,
2) by having a larger surface area than the underlying 
platinum and thus would present more sights which are favourable 
for nucleation. Fleischmann and Liler1 discussed in considerable 
,detail the processes involved in the nucleation and subsequent 
growth of lead peroxide on platinum from acetate solutions and 
they showed that the rate of formation of lead peroxide increases * 
with time.
For an understanding of the reactions which are likely to 
proceed at the potentiostatically controlled anode in the-- 
solutions of varying pH, chloride ion concentration and
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corresponding variation of lead ion activity, the following 
thermodynamic equations are considered relevant:
l) HPbOa + 3H+ = Pb"** * 2Ha0
log aHPbOj
apb^ H^ — -28-17 + 3•OupH
2) Pb03 +■ 4H+ + 2e = Pb++ + 2Ha0
E = 1-482 - 0-1182pH - 0-0295 log apb^
3) Pbg04 + 8H+ Hf 2e = SPb** 4Ha0
E — 2-20 - 0-2364pH - 0-0886 log ap^ -ft
4) 3PbOa +• 4H+ + 4e = Pbs04 + 2H30 
E = 1-122 - 0-059pH
The application of these equations and others to a 
determination of a potential-pH diagram for lead and its 
ions in solutions containing hydrogen and hydroxyl ions 
has been made by Pourbaix et al.6 (see fig.18.). From this
-fr#- **it can be seen that in alkaline solutions both Pb and HPbOa 
will exist, and at elevated potentials PbOg is likely.
-|_j r|^ „|L
In acid solutions at elevated potentials Pb ' may exist.
In addition to the species indicated in the potential-pH 
diagram, Pourbaix et al. suggest that other ions and oxides 
will exist, but these will not alter to any extent the 
general configuration of the diagram.
Substitution of the values obtained in this investigation 
for the activities of lead ions (see table 5) into equations 
2, 3 and 4 enables the potentials for the formation of 
Pba04 and PbOa to be calculated (see table 6). From these 
results it can be seen that in, for example, solutions
(b) and (c) a higher potential is required for the formation
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of PbgO4 than for Pb03 » This is in contradiction to 
the simple potential-pH diagram and is brought about by the 
influence which chloride ions have in affecting the activity 
of lead ions. In solutions (a) and (f) on the other hand 
Pb304 forms at lower potentials than PbOa .
From the results of the investigations in the solutions 
of varying molarity of sodium chloride and in saturated lead 
chloride solution (fig.16) it is evident that increasing 
concentration of chloride ions does not increase the overpotential 
required for lead peroxide formation (see table 6). At the 
pH values of these solutions oxygen evolution is thermo­
dynamically possible at potentials slightly lower than 
those required for the formation of lead peroxide. However 
from the values obtained by Hickling and Hill for oxygen 
discharge one may deduce that the activation overpotential 
will be sufficiently large so that lead peroxide formation 
will be more likely providing that this proceeds with low a 
overpotential. Fleischmann and Liler1 were of the impression 
that some oxygen evolution was occurring but they showed that 
this reaction rapidly diminished and that lead peroxide formation 
was kinetically the more likely reaction. Thus, since in 
the solutions of high chloride ion concentration little or no 
lead peroxide was formed at current densities as high as 
100 J^iA/cm2 and since at this current density the discharge of 
chlorine is thermodynamically impossible, it is assumed that 
the lead peroxide is dissolved as rapidly, or almost as rapidly, * 
as it forms. The possibility exists that oxygen evolution 
may occur but the high concentration of chloride ions and 
their consequent adsorption on the platinum would probably 
have the effect of repelling hydroxyl ions and water dipoles.
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The mechanism of dissolution of lead peroxide is probably 
similar to that proposed for the instability of solid 
lead peroxide in concentrated sodium chloride solutions 
(see chapter 5) :
PbOg -I* 4-C1 + 4-H + 2e = PbCl4 + 2HgO
There is however a further possibility which will 
explain the retardation of lead peroxide formation as the 
concentration of chloride ions increases. The efficiency 
of deposition is never 100% although it approaches it when 
the chloride ion concentration is low. It seems probable, 
therefore, that the primary anode reaction is always the 
oxidation of lead (either as simple ions or complex ions) 
to the quadrivalent state; this may then appear almost 
quantitatively as lead peroxide on the anode or may react 
in other ways.
As long as the chloride ion concentration is low the lead
+ + -t*exists in solution mainly as Pb , with some PbCl ' ions and the 
anode process is presumably;
Pb++ + 2H20 = PbOa + 4H+ + 2e, (reaction (2) above) 
the precise mechanism being unknown.
At high concentrations of chloride, the lead occurs 
increasingly as complex anions, both PbCl3 and PbCl4 being 
present (see chapter 3), PbCl4 being favoured by high chloride 
ion concentrations. Adding sodium chloride therefore has 
two effects;
1) complex anions containing lead are formed,
2) the cathode current is carried through the 
anolyte almost exclusively by the Na ion.
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Both effects increase the effective concentration of lead 
at the anode and tend to lower the anode potential* In 
addition it is likely that alternative electrode processes 
become possible. Under suitable conditions, lead forms 
a plumbic chloride, PbCl4 , which is a covalent non­
electrolyte. Although this is unstable in water 
(PbCl4 2HS0 = Pb02 + 4H+ -tf 4C1 ) the rate of hydrolysis 
is unknown but, as with other covalent halides, it is probably 
appreciably slow - certainly not instantaneous. It may be 
suggested therefore that under favourable conditions reaction {2) 
above may be accompanied by, or replaced by:
PbClT“= PbCl4 + 2e
The conditions that will favour this are high chloride ion 
concentration and low pH at the anode (the latter will reduce 
the rate of hydrolysis).
The PbCiLi formed may now be hydrolysed to lead peroxide 
at the anode surface or it may dissolve and be reduced again 
at the cathode. If a lead peroxide surface is already present 
it is likely that PbCl4 would be strongly adsorbed on it and 
would be hydrolysed in situ. This is an additional explanation 
for the "auto-catalytic effect" observed in the galvanostatic 
studies described above.
The potentiostatic study of solutions (a), (b), (d) and
(e) (fig.17 curves 1, 2, 3, 4 and 6) are particularly 
interesting.
At the highest pH (solution (a) and also solution (f)) 
it can be seen from table 6 that the reaction requiring the lowest 
potential would be the formation of Pb304 . This was observed 
to occur, and once the reaction commenc.es, requiring an over­
potential of 160 mV, the rapid current increase indicates that
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the nucleation and growth of this oxide occurs rapidly^ The 
sudden arrest in the potential—current curve (see curve 2) 
presumably represents the stage at which the anode becomes 
fully covered with an insulating layer of Pba04 and is 
mechanically passivated. Potential measurements subsequent 
to the formation of the insulating layer are meaningless due 
to the considerable IR drop which must be included in all values. 
As the potential was increased lead peroxide formation occurred 
due to one or both of the following reactions:
1) The transformation of. PbgC)4 to Pb02 which should 
have occurred at a potential of 0*408V. The reaction probably 
would follow a similar mechanism to that involved in the well 
known transformation PbS04 - PbOa• This has been discussed
in detail by Fleischmann and Thirsk10 and others. Fleischmann 
and Thirsk suggest that firstly the regions on the surface of the 
lead sulphate crystals in contact with the solution reach the 
required overvoltage and act as centres for the formation of 
nuclei of lead peroxide which then grow three dimensionally 
until eventually contact with the underlying metal is made.
2) The oxidation of biplumbite ions, contained in the 
electrolyte permeating cracks and interstices in the Pba04 film, 
to form lead peroxide.
It is clear from curve 2 that only after a potential of 
0-96V has been exceeded does the current increase appreciably 
indicating that electrical contact between the solution and the 
platinum surface has been achieved.
In solutions (b) and (c) (curves 3 and 4) the oxidation 
of lead ions to lead peroxide occurs with a very low overpotential 
but once nucleation ha.s occurred very little further growth occurs 
until a substantial overpotential is applied. Fleischmann and 
Liler1 have shown that rapid growth on preformed nuclei requires
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an overpotential of at least 175mV.
The potential at which a rapid increase in current was 
observed for solution (e) (curve 6) corresponds to the 
formation of lead peroxide at a very low overpotential. The 
fact that no oxide was observed to form is of interest and may 
be caused by the simultaneous dissolution of the lead peroxide 
by the hydrochloric acid as rapidly as it forms* Inspection 
of the potential-pH diagram indicates that formation of large
“H H* *4* "f*amounts of Pb would not occur at a pH as high as 3 but 
as was mentioned previously this diagram is not strictly 
applicable to the solutions under consideration,,
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CHAPTER 7.
THE ANODIC BEHAVIOUR OF LEAD-PLATINUM BIELECTRODES IN 
SODIUM CHLORIDE SOLUTIONS.
Introduction*
In the previous sections the anodic behaviour of the 
individual components of the system have been studied in 
detail. The present section represents the results obtained 
from a detailed investigation of the lead-platinum bielectrode.
Shreir and Weinraub1 have shown that the introduction of 
a platinum microelectrode into a lead anode polarised in 
0*5 NaCl can, after an initial period of dissolution, cause 
the anode to be gradually covered with an adherent layer 
of lead peroxide. When the anode is fully covered with this 
oxide, very little further attack occurs and the anode is 
said to be chemically passive since the predominant electrode 
process is the discharge of chlorine and possibly oxygen.
In order to explain the mechanism of lead peroxide formation, 
Shreir and Weinraub suggested that in the absence of a 
microelectrode the potential at the lead/electrolyte interface 
was insufficient for the oxidation of lead chloride, lead ions 
or lead to lead peroxide. The insertion of a platinum 
microelectrode, they believed., raised the potential to the 
value at which oxidation could occur*
Wheeler3 has suggested that the sole function of a 
microelectrode is to make electrical contact between the 
lead and lead peroxide and he has described some experiments 
which, he believed, confirmed this view.
In a subsequent paper Shreir3 examined lead-platinum 
bielectrodes in greater detail and suggested that the 
microelectrode acts as a source for the low overpotential
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discharge of chlorine whilst simultaneously being able to 
nucleate the formation of lead peroxide* Shreir pointed out 
that the contact which exists between the lead and lead peroxide 
through the microelectrode is a consequence of the formation 
of the inert coating of lead peroxide and cannot explain the 
fact that an adherent coating is formed and propagates in 
the first instance.
The investigations 1,2,3 described above were of an 
ad hoc nature and the present work represents a more detailed 
study of the anodic behaviour of the lead-platinum system in 
sodium chloride solutions.
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l) Effect of Current density on the anodic behaviour of
a lead-platinum bielectrode in 0»5M NaCl.
Experimental
A bielectrode was prepared as described previously 
(chapter 2, section 7) using a microelectrode of 0*020 inches 
diameter.
The bielectrode was polarised in 0*5M NaCl at current 
densities 6, 12, 20, 38 and 45 mA/cms employing a battery-fed 
constant current source. During the measurement of the anode 
potential the Luggin capillary was positioned so that it was 
adjacent to the tip of the platinum microelectrode. This was 
necessary as it is considered that the platinum and lead surface 
are virtually equipotential whereas the potential measured 
at other positions on the bielectrode, especially when partially 
or fully covered with a film of lead chloride, will include a 
substantial IR drop due to the high resistance of the electrolyte 
paths present in the chloride film.
Each experiment was conducted three times and it was found 
that the reproducibility of the potentials measured during the 
first few minutes was only to within 0*3V, potentials measured 
subsequently varied by about 0*15V.
Three litres of solution was employed and was circulated 
at 100 cc/min thus minimising the build up of reaction products 
whilst creating only little disturbance at the anode surface; 
gentle circulation was necessary to avoid interference with 
the crystallisation of lead chloride.
Results.
The results of the galvanostatic studies are given in 
fig.19.
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E - t Curves for a Bielectrode in 0*5M NaCl
F I G U R E  1 9  
 
(diameter of microelectrode = 0*020 in)
CURVE* CURRENT DENSITY
1 6 mA/cm2
2 12 "
3 20 »
4 38 "
5 45 "
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fM
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The curves (l,2,3,4 and 5, fig. 19) are characterised 
by an initial increase of potential which ranged from 0»8V 
(curve l) to 3*5V (curve 5) and appeared to correspond with 
the formation of lead chloride on the anode surface. This was 
followed by a slight potential decrease, the magnitude of which 
increased with increasing current density, after which the 
potential increased gradually to a maximum and then gradually 
decreased. A similar sequence of events was observed at all 
current densities but at the lowest values i.e. 6 and 12 rnA/cms 
(curves 1 and 2) the nature of the potential-time relationship 
could be followed most easily due to the relatively slow changes 
occurring.
Just prior to the maximum potential being attained, 
vigorous chlorine evolution at the microelectrode was observed 
and simultaneously lead peroxide started to form around the 
base of the .microelectrode. As polarisation continued, the lead 
peroxide propagated in a circular pattern around the micro­
electrode; gas discharge was observed to be occurring on the 
oxide and the potential of the anode decreased as the area of 
lead peroxide increased. The rate of formation of lead peroxide 
was observed to be approximately proportional to the current 
density and after 30 min at 45 m.A/cms the anode was approximately 
half covered.
No lead peroxide was observed to form on the microelectrode 
in any of the experiments described.
Discussion
A comparison of the initial portions of the curves obtained 
in this investigation with curves 4,5,6,and 7 in fig. 7 (chapter 3) 
suggests that initially the bielectrode behaves like lead 
alone in sodium chloride solutions. However, at constant current,
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the potential increases owing to mechanical passivation of 
the lead surface by the formation of lead chloride and the 
oxidation of chloride to chlorine and Pb++ to PbOa becomes 
thermodynamically'possible.
The processes which' occur at the bielectrode can be 
discussed more simply by regarding the system as two conductors 
in parallel (fig. 20a) where
Ei is a variable resistance consisting of the electrolyte 
permeating the growing crystals of lead chloride.
E2 is the resistance of the electrolyte between the surface 
of the lead chloride film and the cathode.
Since the length of the microelectrode projecting into 
the solution is short (approx.. 1 mm) the IE drop between the 
surface of the lead chloride film and the cathode, and the 
microelectrode and the cathode will be virtually identical.
The total current I may be divided into two components
ii = current through the 3_ead, / \
( fig. 20b)
±a = current through the platinum.
The potentials E* and E2 at the lead/solution and the 
platinum/solution interface respectively may be regarded as 
the e.m.fls of the cells
Ha / II+ ! Pb++/Pb and
(p=l) (a=l) !
H3 / H+ * .Cl“/Cl2 .
(p=l) (a=l) »
Thus E± = E°pb/pb++ + O ‘Q-59 log apb++
*~2 * ■>
and E2 = E°ci-/Cl2 + ° ‘°59 loS Pci2 “ C °059 loS aci”
2
If rii ' is the activation overpotential for the reaction:
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Pb++ + 2e = Pb .  ..... I
and T|a ^  is the activation overpotential for the reaction:
2Cl“ + 2e = Cla ...____ II
then the corresponding’ concentration overpotentials for reactions
I and II will be tu and ri2 .c c
Since the potential dror> E across both components of the 
system must be equal,
+ T|i + . Tli + iiEi + ii-P2 = Eg + TJa + T|a + i2R2 •L, C
According to the Tafel equation q = a + b log i 
where a and b are constants.
Hence,
Ei + a± + b^log ±i + ill + iiEi + iiEa = E2 + a2 + balog ia
+ c + is Rs
If the cathode is very near to the anode surface, or if the 
potential is measured near the anode surface and the conduct­
ivity of the electrolyte is high, iiRa and i2P2 may be 
neglected. Then,
Ei + a± + bilog i± + Tii + iiPi = E2 + a2 + b2log ia + t}2 • c c
The variable resistance Ri is caused by the crystallis­
ation of lead chloride and this results in (a) iiRi increasing 
as the crystals form and consolidate, (b) a reduction in the 
exposed area of lead so that the true current density 
increases.
This will result in an increase in r\± and r\± at the
C cl
lead surface. The rise in voltage is due, therefore, to
Tii and T|i increasing because of an increase in the true 
c a
current density and iiRi increasing due to restriction of 
the electrolyte paths.
It should be appreciated that the potential actually
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measured is i3.F1 + n± + as these terms cannot
C cl
be distinguished it is impossible to evaluate them exactly.
Although the concentration polarisation can be calculated 
from the equation:
n = 0*059 log XL " 1
n iL
where i^ is the limiting current and for unstirred 
solutions;
iT = DnFa n L mn
6
where D is the diffusion coefficient,
and 6 is the thickness of the diffusion layer.
Taking 6 = 0*05 cm and D = 7*5 x 10 6 cm3/sec,
then iT = 1*4 x 10 3 na „L m11.
Although i^ can be calculated assuming that ap^ )++ is that for
0*5M NaCl saturated with lead chloride, the fact that the
area of the lead in contact with the solution is unknown
prevents i from being accurately evaluated.
It is perhaps most convenient to determine the magnitude
of ti, as follows, c
For a saturated solution of lead chloride in 0*5M NaCl 
apk++ has been determined (see table 5) as 1*07 x 10 4 g ion/l. 
The equilibrium potential of the unpolarised lead v/ill be:
E = “0*126 + 0*030 log apk++
= “0 * 245V
It is reasonable to assume that the maximum value of Sp^++ 
in the diffusion layer cannot exceed that of a saturated lead 
chloride solution in which ap-[;3++ = 5*3 x 10 3 .
3 • 3 y 1 0 ~3
Thus iu = 0*030 log v -irpa=4 = 50*6 mV.'11 c 1*07 x 10
130
Since the lead and platinum are in electrical contact 
and are in an electrolyte of high conductivity Ep = Ep , i.e.
*1* c + 111 a + El = + Tja a + Ea .
As iiRi increases the value of Ep^ increases owing mainly
to an increas of tji since the true current density must be
very high,but as the platinum is in parallel,this increase is
limited to the potential where the platinum can discharge
chlorine. In the case of lead alone this proceeds to high
voltages which are largely ohmic but the values of ti and tic a
may well be appreciable.
During the crystallisation of lead chloride with the
consequent potential increase at the lead/electrolyte interface
the potential of the platinum increases as well but i2 = 0
until (Ei + rji + Tji ) exceeds Ea . c a
The slight potential decrease which is observed after the 
initial passivation (fig. 19) is probably associated with the 
commencement of current flow through the microelectrode. At 
this stage, however, the potential is relatively low and 
presumably i2 is so small that any chlorine which forms is 
immediately dissolved in the solution so that there is no 
evidence of gas evolution. With continued polarisation the 
lead chloride film becomes more passivating and thus, at 
constant current, 1± decreases and i2 increases.
The high potentials obtained with high current densities 
are evidently associated with the rapid formation of a passiv­
ating film of lead chloride so that i2 is large and since the 
area of the platinum is small, substantial overpotentials are 
involved. The limit of the increase of potential, i.e. the 
peak in the E - t curves thus occurs when i* starts to -'decrease 
since only then sufficient lead chloride forms to maintain the 
required passivity and this corresponds with i2 becoming
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appreciable , considerable chlorine discharge occurring on 
the platinum. The potential at this stage at the platinum/ 
solution and lead chloride/solution interface is well above 
that required for the oxidation of lead ions to lead peroxide. 
Thus the formation of lead peroxide is initiated at the micro­
electrode and then propagates over the previously formed lead 
chloride. It is apparent that the platinum provides a conductor 
on the lead surface where lead peroxide can nucleate rapidly 
without being undermined by an alternative electrode process, 
c.f. lead (chapter 3).
The lead chloride film will tend to dissolve in the 
solution and further chloride formation is necessary, therefore, 
to maintain passivity; as the peroxide propagates over the 
surface the current (ii) for this reaction will decrease and 
eventually become insignificant. As the platinum is in contact 
with the peroxide, gas evolution will occur from both and the 
potential will decrease; the current density on the large area 
of peroxide being relatively small. Thus at this stage:
I = ii (decreasing) + ia + ip^o (increasing)
The observation that the lead peroxide is confined to the 
lead chloride/platinum interface and does not extend over the 
length of the microelectrode can be partly explained by the 
fact that the concentration of lead ions will be a maximum at 
the interface and thus, once lead peroxide has formed, it will 
prevent further diffusion of lead ions outwards. However, it is 
assumed that at this stage the concentration of lead ions in 
the solution must be appreciable due to the continuous formation 
and dissolution of lead chloride. Thus it is probable that some 
lead peroxide is in fact deposited on to the platinum but 
becomed detached owing to the high current density on the micro­
electrode and consequent rapid discharge of chlorine. In order
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to confirm this hypothesis, lead, peroxide was deposited on to 
platinum from a solution of lead chloride at a potential lower 
than that required for the discharge of chlorine; on polarising 
in 0«5M NaCl saturated with lead chloride at 30 mA/cm2 ( a value 
that would undoubtedly be equalled or exceeded on a micro­
electrode) the lead peroxide was observed to spall off rapidly. 
It would appear that chloride ions penetrate the deposit of 
lead peroxide and are oxidised at the platinum surface and the 
resultant gas bubbles lift the layer of peroxide from the 
platinum surface.
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2} Investigation of the mode, of propagation of lead 
peroxide on a bielectrode.
(a) Effect of diameter of microelectrode on the E - t 
relationship at constant current density in 0**5M NaCl.
Experimental.
Three bielectrodes were prepared with microelectrodes of 
diameter 0»050 in, 0-020 in and 0*003 in. Polarisation was 
conducted at a constant current density of 30 mA/cm3 and after 
periods of 5, 15, 30, 45, 90, 120 and 180 min the bielectrodes 
were removed from the solution and photographed. Three runs 
were conducted on each bielectrode, two without interruption 
and from which the E - t curves were obtained by taking the 
mean potential values.
In order to assess the effect which more than one micro­
electrode has on the extent of formation of lead peroxide; 
a bielectrode containing two 0*020 inch diameter microelectrodes was 
polarised for 30 min at 30 mA/cm3 and photographed.
Results.
The E - t relationships obtained are given in fig. 21.
The curves are of similar shape to curves 4 and 5, fig. 19, 
but owing to the different scale dimensions used,the initial 
potential rise from the equilibrium value is not included.
The stages of growth of lead peroxide corresponding to 
positions 1 - 5 on curves 1 and 3 (fig.2l) are shown in fig.22 
in which the magnification is approximately X 3.
Fig. 23 shows the manner and extent of propagation of 
lead peroxide on a bielectrode containing two 0*020 in. 
diamater microelectrodes after polarisation for 30 min. 
(Magnification X 10)
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F I G U R E  21
E - t Curves for Bielectrodes Containing 
Microelectrodes of Different Diameters*
(current density = 30 mA/cma)
CURVE DIAMETER OF MICROELECTRODE
1 0-003 in.
2 0-020 in.
3 0-050 in.
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FIGURE 23
Discussion
From this investigation it is clear that the area of the 
platinum microelectrode and the associated overpotential for 
chlorine discharge plays a fundamental part in controlling the 
nature of the lead chloride film.
It would appear that the potential decrease, which was 
observed to occur after the initial increase, on commencement 
of polarisation, is associated with the onset of current flow 
through the microelectrode. With the microelectrode of smallest 
diameter the potential decrease was far smaller than that 
occurring with the microelectrodes of diameter 0»020 and 0»050 in. 
This effect is presumably caused by the fact that with the 
thinnest wire ia (fig. 20b) is small since the flow of an 
appreciable current would represent a very high current density 
and consequently a high overvoltage for discharge of chlorine.
Thus i± is relatively large, a. highly passivating film of lead
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chloride is formed and this, and the necessarily high over­
potential on the microelectrode results in higher potentials 
being observed on further polarisation.
It is evident from fig. 22 that the growth of lead 
peroxide over the anode surface is more rapid initially with 
the smallest microelectrode but after about 30 min the rate 
of growth for both bielectrodes appears to be similar. This 
may be explained by assuming that initially, with the smallest 
microelectrode, due to the overpotential for chlorine discharge, 
is will be smaller than with the microelectrode of diameter 
0»050 in. Thus i^ will be relatively greater, and having 
established a suitably passivating film the remaining current is 
available for the oxidation of lead ions. Also due to the higher 
potentials involved the rate of oxidation may be increased. As 
soon as sufficient lead peroxide has formed so that its area 
is large in comparison to the area of the microelectrode, more 
or less equal current will be consumed in the oxidation of 
chloride ions at the lead peroxide surface on both bielectrodes 
and thus the subsequent rate of formation of lead peroxide 
should be similar.
It is of interest to observe from fig. 22 that the manner 
in which lead peroxide propagates is affected to a considerable 
extent on the size of the microelectrode. The uneven lateral 
growth with the microelectrode of diameter 0*003 in.should be 
compared with the more or less circular pattern occurring with 
the 0*050 in.diameter wire.
Comparing the amount of lead peroxide formed after 30 min- 
at 30 mA/cm3 on a bielectrode containing two microelectrodes 
(fig. 23) with that occurring with one microelectrode (fig. 22(3)) 
indicates that the extent of propagation of lead peroxide is 
virtually independant of the number of microelectrodes present 
and evidently is solely a function of the total charge passed.
(b) Examination of cross sections of a bielectrode.
Introduction "
It was found that once the surface of a bielectrode 
was fully covered with a layer of lead peroxide, further 
current flow had no effect on the potential. Thus it was not 
possible to determine the mode of subsequent formation of 
lead peroxide from the potential-time curves.
Cross sections of a bielectrode were studied by 
microscopy in order to observe the effect of prolonged 
passage of current on the transformation of the phases present.
Experimental
For these studies as it was necessary to section the 
specimen, the bielectrode used consisted of a thin lead sheet 
(2 x 1 x 0*2 cm) with a platinum wire passing through the 
centre. This was mounted, after anodic polarisation, by 
placing the area to be studied in a gelatin capsule (0«5 cm 
diameter x 2 cm) which was then filled with cold setting 
resin (Araldite d) . The quantity of hardener added was kept to 
a minimum (6% by weight) so that on solidification the resin 
and lead could be sectioned into thin slices by means of a 
microtome.
Results
Examination of sections under a microscope did not give 
* as much valuable information as to the mode of thickening 
of the lead peroxide deposit as had been hoped. This was due 
to the fact that the relative impermeability of the lead 
peroxide to the resin prevented the anode layers from being 
held firmly in position and the slicing resulted in considerable 
disruption of the mechanically insecure deposit.
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FIGURE 24o
(b)
Formation of lead chloride and lead peroxide on a 
bielectrode in 0#5M NaCl at 30 mA/cm2 . (a) After 2 h 
showing lead (centre, white) surrounded by lead chloride 
(grey). (b) After 24 h showing lead peroxide (black) 
in direct contact with the lead.
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Fig. 24a represents a section at the edge of an anode 
after polarising for 2 h at 30 mA/cm1*. It is apparent that 
lead (white, centre) is surrounded by a porous mass of lead 
chloride crystals (grey) which thus prevents contact between 
the metal and the outer layer of lead peroxide (black).
It should be observed that at some areas the lead peroxide 
is almost in contact with the lead whereas at other areas 
the intervening layer of lead chloride is thick. The white 
areas interspersed in the lead peroxide consist of resin 
which filled up large gaps in the layer. However, after 
polarising for 24 h (fig.24b) the intervening layer of 
lead chloride is eliminated and the peroxide is now in direct 
contact with the lead. The section shown in fig.24b was taken 
near the microelectrode and examination of a section near the 
edge, showed that there were still a few patches of lead chloride 
present which prevented complete contact between lead peroxide 
and lead over the entire area of the bielectrode. Due to 
the disruption which occurred on slicing it was not possible 
to obtain a satisfactory micrograph showing these thin inter­
vening areas of lead chloride.
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Discussion.
When a bielectrode is fully covered with a layer of 
lead peroxide there are four possible reactions which can 
occur on further polarisation:
1) chlorine (and possibly oxygen) discharge at the 
microelectrode,
2) chlorine discharge at the lead peroxide surface 
or within the coarsely granular lead peroxide film,
3) migration and diffusion of lead ions (obtained from 
the dissolution of the lead chloride and the metal itself) 
outwards and their subsequent oxidation at the platinum or 
the overlying layer of lead peroxide,
4) migration and diffusion of hydroxyl ions and water 
dipoles through imperfections in the lead peroxide and lead 
chloride films and their interaction with lead ions, lead 
chloride, or lead itself to form lead peroxide.
At this juncture it is relevant to consider the 
thermodynamic data for the oxidation of lead, lead ions and 
lead chloride to lead peroxide:
a) Pb++ + 2e = Pb
E = -0*126 + 0*0295 log apb*+
b) Pb02 + 4H+ + 2e = Pb++ + 2HS0
E = 1*455 - 0*1182pH - 0*0295 log apb++
c) Pb02 + 4H+ + 4e = Pb + 2H20
E = 0-664 - 0.059 pH
d) Pb02 + 2C1~ + 4H+ + 2e = PbCls + 2H20
E = 1°592 - 0*1182pH + 0*0295 log aci“
Since there was no evidence of lead peroxide formation 
on the metal surface prior to the elimination of the
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intervening layer of lead chloride, it is assumed that until 
lead and lead peroxide are in direct contact, lead peroxide 
formation can only occur successfully by reaction 3 . However, 
once the two are in contact, thickening of lead peroxide 
could occur by either or both reactions (3 and 4). It is 
believed that growth must occur as a result of the diffusion 
of ions through the numerous pores in the lead peroxide film 
rather than by lattice transport of ions.
The observation that more rapid thickening of the lead 
peroxide occurs in the vicinity of the microelectrode may be 
explained by assuming that thickening of the peroxide film 
commences as soon as a small area of the oxide has formed on 
the surface. Thus lead ions are simultaneously oxidised 
at the periphery of the lead peroxide and underneath it.
It is however only when the anode is fully covered that the 
sole reaction involving lead ions is oxidation at the 
overlying lead peroxide but, by this time*, the peroxide layer 
in the vicinity of the microelectrode has probably developed 
to a considerable thickness.
3) X-ray examination of the lead peroxide formed on a 
bielectrode when polarised in 0*5M NaCl
Intro duction
Since oxygen overpotentials and possibly chlorine 
overpotentials on lead peroxide are dependant on the nature 
of the lead peroxide modification present (see chapter 5), 
it was necessary to establish which polymorphous form is 
produced on a bielectrode.
The conditions of formation of the modifications of lead 
peroxide and the relevant information on oxygen overpotentials 
have been given in chapter 5.
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Feitknecht4 in his investigations on the PbS04 - Pb03 
transformation studied the X-ray patterns of a and 8 -PbOa and 
Zaslavskii, Kondrashov and Tolkachev5 have determined the 
intensity of the lines in the X-ray patterns of each 
modification.
Experimental
A thick coating of lead peroxide was formed on a 
bielectrode by polarising for 60 h in 0*5M NaCl at 30 mA/cm2 .
The microelectrode was withdrawn and the deposit of lead 
peroxide was removed from the underlying lead with a razor 
blade. After grinding to a fine powder the lead peroxide was 
thoroughly washed with boiling distilled water to remove all 
traces of soluble salts.
A Unicam 9 cm camera was employed and it was found that
a satisfactory negative could be obtained with cobalt radiation 
(using an iron filter), with an exposure time of 4 hours.
Results
Fig.25 represents the X-ray pattern obtained for the lead 
peroxide produced on a bielectroda-.
Measurement of the lines with a d Scale and comparison 
with published values 6 indicates that the species present 
is B-Pb03 . No lines corresponding to the pattern characteristic 
for a-PbOa could be discerned.
FIGURE 25.
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4) Effect of -pH on the formation of lead peroxide on 
a bielectrode.
Experimental.
A bielectrode containing a 0*020 in* diameter microelectrode 
was polarised for 25 min at a current density of 30 mA/cm3 in a 
0*5M NaCl solution Cadjusted with either hydrochloric acid or 
sodium hydroxide)of pH 2*5, 3*5, 7, 10*4 and 11*8.
Three litres of solution was used and was circulated at 
100 cc/min, the pH being constantly checked and adjusted.
Each experiment was conducted twice, the reproducibility of 
the potential values being to within 0*3V.
Results.
The shape of the E - t curves obtained at all pH values 
was similar to curves 3 and 4 fig.19 and there was no trend 
which would suggest that the processes occurring on the bielectrode 
are in any way affected by the pH.
At low pH values lead peroxide was observed to propagate 
only extremely slowly and in the solution of pH 2*5 it gradually 
dissolved on switching off the current.
Polarisation at high pH values resulted in lead peroxide 
propagating from the microelectrode at a rate similar to that 
observed for neutral solutions of sodium chloride. In addition, 
however, a thin deposit of lead peroxide was observed to form 
as isolated patches on the surface of lead chloride quite 
independently of the peroxide forming around the microelectrode.
Polarisation in solution of pH 7 resulted in the formation 
and propagation of lead peroxide in a manner identical to that 
discussed previously for 0*5M NaCl (pH 5*2)
Discussion.
The results obtained from this investigation indicate 
that the E - t relationship for the first 25 min of polarisation
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is not influenced by the pH of the bulk electrolyte.
Since the initial portions of the E - t curve are 
associated with the formation of a passivating film of lead 
chloride (and possibly at high pH values, basic lead 
chloride - Pb(0H)2 o PbCl2) there is little reason to expect 
that pH will have significant effect since the controlling 
factors are current density, diameter of microelectrode 
and chloride ion concentration, all of which were maintained 
constant•
At low pH values little lead peroxide was observed to form, 
far less than occurs with neutral solutions. This is expected 
since it was shown in chapter 6 that lead peroxide -.deposition 
on to platinum is retarded or completely prevented in acidic 
solutions of sodium chloride containing lead chloride. The 
fact that on interrupting the polarising current the lead 
peroxide was dissolved in the solution of pH 2*5 indicates 
that at 30 mA/cma the rate of formation of lead peroxide 
exceeds the rate of dissolution.
The observation that the E - t curves in the acidified 
solutions are of similar shape to those obtained in the neutral 
solutions despite the fact that the propagation of lead 
peroxide is retarded, is presumably associated with the fact 
that as soon as a small apparent area of lead peroxide has, 
formed, most of the current is used in the discharging chlorine 
*at the peroxide. Prolonged polarisation in neutral solutions 
would result in lower overpotentials owing to the larger area 
of lead peroxide that would be formed.
In alkaline solutions, the formation of lead peroxide 
around the microelectrode occurs similarly to that observed 
in neutral solutions. This is to be expected, since the potentials
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involved are sufficient, to transform any Pbs04 which may-form 
to PbOa (see chapter 6). The observation that lead 
peroxide was formed on the surface of the lead chloride 
independently of that initiated at the microelectrode was 
presumably due to chemical oxidation of lead ions which is 
likely in solutions of high pH containing chlorine, owing to 
the formation of sodium hypochlorite,
5) Determination of the current--potential relationship 
for a fully formed bielectrode in 0»5M NaCl
Experimental.
A bielectrode containing a microelectrode of 0*050 in. 
diameter was prepared by polarising for 48 h in 0*5M NaCl at 
30 mA/cma.
The fully formed bielectrode was polarised at apparent 
current densities of 0-140 mA/cma in 0*5M NaCl using a battery- 
fed constant current source. Potentials were measured at the 
tip of the microelectrode and at a position diagonally opposite,, 
near the perimeter of the lead dioxide surface.
Three litres of solution was employed and circulated at 
300 cc/min and in addition the anode was flushed with a stream 
of nitrogen.
The experiment was repeated with a second bielectrode which 
was prepared by polarising at 30 mA/cma for 24 h and an 
identical current-potential curve was obtained.
The. potentials measured in all cases were reproducible to 
within 0-05V irrespective of whether they were measured with 
increasing or decreasing currents.
Results.
Fig.26 represents the i - E relationship obtained for a 
fully formed bielectrode polarised in 0*5M NaCl, where E is the
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F I G U R E  2 6
CURVE
1 E - i Relationship for a Fully Formed 
Bielectrode in 0»5M NaCl.
2 E - log i Relationship.
(diameter of microelectrode 0°050 in)
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potential of the lead peroxide surface. At current densities 
up to about 70 mA/cm2 the potentials at both the microelectrode 
and the surface of the lead peroxide were virtually identical 
but above this current density slightly higher potentials 
(10-20 mV) were observed at the microelectrode.
Having previously obtained overpotential values for the 
discharge of chlorine on platinum in 0«5M' NaCl (curves 5 and 
6, fig.11, chapter 4) it was possible to calculate the 
approximate currents passing through the microelectrode and 
thus, by difference, the current passing through the lead 
peroxide. Fig.27 gives the values of the calculated currents 
through each component over the range 0-120 mA/cm2 .
Discussion
The low overpotentials occurring when a fully formed 
bielectrode is polarised in 0*5M NaCl are particularly significant 
and it is evident from a comparison of chlorine overpotentials 
on "smooth" lead peroxide (curve 2, fig.13, chapter 5) with 
those obtained in the present study that the geometrical surface 
area of lead peroxide on a fully formed bielectrode must be 
only about 10% that of the true surface area.
The curve (2) obtained in this investigation does not 
obey a Tafel relationship but this would be expected since it 
has been suggested (chapter 5) that chlorine discharge on 
platinum and on lead peroxide occurs by different mechanisms.
In addition since the potentials measured on a bielectrode are 
"mixed potentials" the relationship between current density 
and potential must be extremely complicated.
It is clear from fig.27 that the current passing through 
the microelectrode is small in comparison to the total anodic 
current once the bielectrode is in the fully formed state...- 
During the process of formation, when high potentials can
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exist on the anode and little lead peroxide has formed, the 
current passing through the platinum would obviously be 
considerably greater.
6) Effect of anode potential on the formation and 
subsequent propagation of lead peroxide on a 
bielectrode in 0«5M NaCl.
Experimental.
A bielectrode containing a 0*020 in* diameter microelectrode 
was polarised potentiostatically over a range of potentials 
(l*30 - 2*0V) in 3 1 of 0*5M NaCl which was circulated at 
100 cc/min.
On commencement of polarisation the current was measured 
every 15 sec but after 3 min readings were taken every 1 or 
2 min.
Each experiment was conducted twice and it was found that 
reproducibility of the i - t curves was good.
Results.
Fig.28 represents the i - t relationship obtained for the 
anodic polarisation of a bielectrode at 1*4, 1*55, 1*7, 1*8 
and 2*0V.
At 2*0V (curve 5) there was a rapid current increase to 
90 mA/cm3 on commencement of polarisation and simultaneously 
a film of lead chloride developed on the anode which caused 
the current to decrease. After 13 min lead peroxide was 
observed to form around the base of the microelectrode and the 
current immediately stopped decreasing, remained constant for 
2 min, and then increased. After 150 min the anode was 
completely covered with lead peroxide and the current density 
had increased to 90 mA/cm3 .
Polarisation at 1*8V (curve -4) resulted in a similar 
i t curve but after 12 min, although the current stopped
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F I G U R E  2 8
I - t Curves Obtained for a Bielectrode
in 0*5M NaCl
(diameter of microelectrode = 0*02 in)
CURVE POTENTIAL
1 1-40V
2 1*55V
3 1-70V
4 1-80V
5 2•00V
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falling, the formation of lead peroxide had not commenced. 
Continued polarisation resulted in the formation of lead 
peroxide around the microelectrode after 18 min accompanied 
by a slow current increase and gradual propagation of the 
oxide over the surface of the anode.
At 1*7 and 1*55V (curves 3 and 2) a similar sequence 
of events was observed but the time required for the initial 
formation and subsequent propagation of lead peroxide 
were considerably increased. At 1*7V lead peroxide was observed 
to form after 35 min and at 1*55V, 55 min was required. The 
subsequent propagation of lead peroxide over the anode surface 
at 1»55V was extremely slow.
A time of 110 min was required for the formation of lead 
peroxide around the microelectrode at 1*40V (curve l) and 
continued polarisation did not result in the growth of the 
deposit which, after 250 min, was still confined to the base 
of the microelectrode. Polarisation at 1*3V (not shown in 
fig.28) resulted in a curve similar to curve 1, but no lead 
peroxide was formed however long polarisation was continued.
Discussion.
The i - t curves at constant potential can be interpreted 
in a similar manner to the constant current studies (section
l). It is apparent that the initial increase in current is 
due tOi the reaction:
Pb + 2e s= Pb++ 
while the subsequent decrease is due to passivation by 
lead chloride:
Pb++ + 2Cl" = PbCl2
The period at constant current, at low constant potentials, 
is considered to be due to the dissolution and reformation 
of lead chloride so that the passivity and ohmic potential 
remain constant.
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At 1*7V and below, although there is an appreciable 
period where the current remains constant, after some time 
the current rises, showing that oxidation of plumbous ions 
to lead peroxide and chloride ions* to chlorine is proceeding 
as well as the formation of lead chloride to maintain the 
passivity. Eventually when all the chloride has been 
converted to peroxide the current will reach a steady value.
After 150 min at 2*0V the current is as high as 90 mA/cm3 , 
which indicates that at. this stage there is not complete 
contact between lead and lead peroxide since, in the fully 
formed state at this potential, the current would be about 
130 mA/cm3 (see fig.25).
7) Effect of chloride ion concentration on the formation 
of lead peroxide on a bielectrode.
Experimental.
A bielectrode containing a 0*020 in. diameter microelectrode 
was polarised at a constant current density of 30 mA/cm2 in 
sodium chloride solutions of molarity: 0*05, 0*10, 1*0, l*-2,
1.3, 1*4, 1*5 and 2*0M.
Results.
In 0*05M NaCl rapid corrosion of the lead occurred, large 
quantities of lead chloride forming and spalling off the anode.
No chlorine was observed to be discharged at the microelectrode 
and the potential, which tended to fluctuate, never exceeded 
2V. Small quantities of lead peroxide formed around the base 
of the microelectrode but did not extend over the loosely adherent 
lead chloride deposit.
With 0* 1M Na.Cl similar corrosion of the lead surface was 
observed, a loosely adherent deposit of lead chloride initially
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forming. After some time,the potential increased to 2-3V 
and lead peroxide formed around the microelectrode and 
propagated slightly over the surface of lead chloride. After
polarisation for 3 h^ the peroxide had extended by only a small 
amount, the predominant electrode process appearing to be 
the corrosion of lead to form lead chloride which was rapidly 
dissolved into the solution.
Polarisation in 1*0M NaCl resulted in rapid growth of 
lead peroxide a similar sequence of events as described for 
a bielectrode in 0*5M NaCl (see sections 1 and 2) occurring..
Although at higher concentrations; 1*2 and 1»3M NaCl, 
lead peroxide was initially nucleated at the microelectrode, 
it did not propagate over the surface to any extent and, in 
fact, the lead peroxide which formed did not adhere to the 
underlying lead chloride and periodically spalled off. 
Considerable chlorine evolution was observed to occur at the 
microelectrode at these concentrations.
Polarisation at concentrations above 1*3M i.e. in the 
solutions 1*4, 1*5 and 2*0M NaCl resulted in no formation of 
lead peroxide on the bielectrode. Extremely vigorous gassing 
was observed at the microelectrode especially in 2*0M NaCl and 
the lead around the microelectrode was eroded away until 
eventually the platinum was undermined and fell out and the 
potential immediately increased.
Discussion.
The observation that in 0*05 and 0*1M NaCl very little 
lead peroxide formation occurs is not unexpected in view of 
the fact that polarisation of lead alone in 0-1M NaCl results 
in only little passivation (see curve 1, fig.8, chapter 3).
The reasons for this have been discussed in detail in chapter 3
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and essentially it is caused by lead ions being able to 
diffuse away from the anode without precipitating. Thus an 
extremely high current density would be required to passivate 
the lead sufficiently for the potential at the lead chloride/ 
solution interface to increase to a sufficiently high value 
such that lead peroxide forms rapidly. In addition, it is 
obviously difficult for lead peroxide to propagate over a 
surface of lead chloride which is non adherent to the under­
lying lead and is, in fact, rapidly dissolving.
The observation that lead peroxide formation is retarded 
at molarities of sodium chloride above 1*OM and that above 
1*5M no lead peroxide forms, is of particular interest. It 
is considered that this is associated with two factors:
1) lead peroxide cannot be satisfactorily formed on 
platinum in solutions of chloride ion concentration above about 
1M (see chapter 6) and, in addition, it has been shown that 
lead peroxide is readily attacked when made anodic in 2M NaCl 
(see chapter 5).
2) lead passivates to extremely high potentials in sodium 
chloride solutions 1*0M or greater (fig.8, chapter 3).
It is suggested that the formation of lead peroxide is 
initiated at the microelectrode which acts as a nucleant.
If in fact the conditions at the platinum are inimicable to 
lead peroxide formation it is obvious that satisfactory 
* nucleation cannot occur. The very high potentials which were 
observed on polarising lead in high concentrations of sodium 
chloride at a c.d. of 10 mA/cma (which is considerably lower 
than the value employed in this study) indicate that even in 
the presence of a microelectrode considerable passivation of the 
lead surface will occur. It has been shown that passivation is
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due to the formation of a well adherent, finely crystalline and 
closely interlocked deposit of lead chloride. Thus, on 
polarising a bielectrode in these solutions, a highly 
passivating layer of lead chloride will form and all, or nearly 
all, the current will pass through the microelectrode. The 
resultant current density on the microelectrode will be 
extremely high and a high velocity stream of chlorine and 
oxygen will be discharged. This has the effect of eroding 
away the lead and any lead peroxide which may form in the 
vicinity of the microelectrode, and local heating may well 
assist this process.
8) Determination of the minimum potential required 
to form lead peroxide on a bielectrode over a 
range of chloride ion concentrations.
Experimental
A bielectrode was polarised potentiostatically in 
sodium chloride solutions of molarity 0*05, 0*1, 0*5 and 1*0M.
A potential of 1*0V was applied for 50 min and then the 
potential was increased in increments of 5mV, being held at 
each value for 50 min, until lead peroxide was observed to 
develop around the base of the microelectrode.
Results.
The potentials required for the initiation of lead 
peroxide formation on a bielectrode and the overpotentials 
involved, are given in table 7. The overpotentials are 
calculated by assuming that the electrolyte at the anode/ 
solution interface is saturated with lead chloride.
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TABLE 7
Molarity of 
NaCl
> EL* obsxi aPb*+ E^ . calc. Overpotential
0.05 1.445 2*11 x 10“S 1-001 0-434
0*10 1*441 8-9 x 10 1-020 0-421
0.50 1-535 10-7 x 10 1-067 0-266
1-0 1-275 3-31 x 10 1*065 0-210
Discussion.
It has been shown in the previous chapter that the over­
potential for lead peroxide deposition on to platinum is little 
affected by the chloride ion concentration, but the efficiency 
increases with decreasing concentration. From the present study 
it is evident that increasing chloride ion concentration 
decreases the potential required for the initiation of lead 
peroxide formation on a bielectrode.
The considerably higher overpotentials involved for 
lead peroxide formation on a bielectrode are presumably associated 
with the IR drop across the lead chloride film which initially 
develops on the anode. The true potential at the lead chloride 
(platinum)/soluticn interface is unknown but must be influenced 
*by this IR drop. Thus, in the more dilute solutions, where 
the nature of the lead chloride film is coarse, the 
intercrystalline interstices contain solution of low conductivity 
and the IR, drop is presumably considerable. In addition, in 
order to obtain sufficient passivity in the dilute solutions 
such that lead peroxide formation at the solution interface can
162
... }
occur., a high potential has to be applied to maintain sufficient 
current flow.
It is of interest to note that in 0*5M and 1«0M NaCl lead 
peroxide formaticm can occur at potentials below that required 
for chlorine discharge and presumably the true potential at 
the lead chloride (platinum)/solution interface in the more 
dilute solutions is also below this value.
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CHAPTER 8
GENERAL DISCUSSION
l) Introduction.
The present work has been conducted in order to explain 
an observation made previously that the introduction of a 
platinum microelectrode into the surface of a lead anode 
fundamentally alters its behaviour when polarised in chloride 
solutions. The anode becomes covered with a layer of lead 
peroxide and subsequent polarisation results in the discharge 
of chlorine at the lead peroxide surface at low overpotentials. 
It is apparent that the microelectrode prevents the lead 
peroxide from being undermined and detached as a result of 
the formation of lead chloride at the metal surface since 
this occurs when no microelectrode is present.
The electrochemistry of the system is necessarily complex 
in view of the various electrode processes which can occur on 
the lead and platinum individually and the fact that several 
electrode processes occur simultaneously at the bielectrode is 
an added complication.
Before studying the bielectrode, the anodic behaviour 
of the individual components of the system, i.e. lead, platinum 
and lead peroxide were examined in detail and by comparing the 
• results with those obtained subsequently for the bielectrode it 
has been possible to determine the role which a platinum micro­
electrode plays in iniating and maintaining a chemically 
passive film of lead peroxide on a lead anode in sodium chloride 
solutions.
Previous studies on the anodic behaviour of lead-platinum 
bielectrodes in chloride solutions were of an ad hoc nature and
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are not suited to theoretical electrochemical analysis.
2) Anodic behaviour of lead in sodium chloride solutions.
It is clearly of fundamental importance to have a knowledge 
of the passivation of lead by chloride formation since this is 
the initial stage of a series of reactions which untimately result 
in the formation of a stable film of lead peroxide on a bielectrode.
It has been shown that the mechanical passivation produced 
as a result of the formation of a film of lead chloride is 
influenced by chloride ion concentration, current density and 
extent of disturbance at the anode surface; since these factors 
influence the position of formation and nature of the lead 
chloride film.
The formation of a film of lead chloride is due to the 
passage of lead into solution as plumbous ions and their 
subsequent reaction with chloride ions in the immediate vicinity 
of the anode surface. The low solubility of lead chloride 
results in the crystallisation of this salt on the anode. It 
has been shown that If the current density or concentration of 
chloride ions is too low, a passivating film is not formed since 
the solubility product is not exceeded in the immediate vicinity 
of the anode and thus rapid nucleation and subsequent growth 
of lead chloride crystals in contact with the anode surface 
cannot occur.
Polarisation of lead in 0*5M and 1«0M NaCl at current 
densities as low at 10 mA/cm3 results in considerable 
polarisation which is largely due to the substantial IP drop 
through the electrolyte permeating the crystals of lead chloride 
although activation and concentration overpotentials may also 
be large. Thus a high current density must exist in the pores 
and cracks in the lead chloride deposit. The correspondingly
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high potentials at these areas results in the oxidation of 
plumbous ions to lead peroxide, chloride ions to chlorine and 
hydroxyl ions to oxygen. However lead peroxide is not 
maintained On the lead surface due to the rapid penetration 
of chloride ions to the metal surface with the resultant 
formation of lead chloride. This periodic diffusion and 
migration of hydroxyl ions, water dipoles and chloride ions 
results in the alternative formation and detachment of lead 
peroxide and thus the predominant electrode process is the 
formation of lead chloride.
Polarisation of lead in solutions of high chloride ion 
concentration (2M NaCl) results in passivation to very high 
potentials indicating that the lead chloride film is highly compact 
owing to rapid nucleation and the formation of small crystals 
which are closely interlocked. Consequently there is a very 
high resistance to ion transport through the electrolyte 
. permeating the film. It is considered significant that despite 
the high potentials involved in the polarisation of lead in 
2M NaCl no lead peroxide was observed in the anodic deposit.
The relationship theoretically derived by Muller and 
Konopicky which connects the time of passivation (t), with the 
current density (i) 2- (int = constant) was obeyed and it is of 
particular interest that the time for passivation in 2M NaCl 
at current densities above 3 mA/cma is in fact greater than in 
0*5M NaCl. It is considered that since transport is mainly 
by chloride ions, a very high concentration of these ions will 
be present at the lead exposed to the electrolyte through the 
microcapillaries and that rapid passivation of the lead surface 
by crystallisation of lead chloride will be prevented by the 
formation of complexes.
Many workers have studied the nature and conditions of
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formation of complexes: (Nelson and Kraus, Fromherz,
Korenman, etc.) and in the present study the formation 
of such complexes has been confirmed from the measurements 
of the time for passivation.
The phenomenon of mechanical passivity can be influenced, 
therefore, not only by the nature and crystal form of insoluble 
or sparingly soluble salts but also by the formation of 
soluble complexes.
3) Anodic behaviour of platinum in sodium chloride 
solutions.
An accurate appraisal of the reactions proceeding at a 
platinum anode in sodium chloride solutions is difficult 
since the nature of the anode changes as polarisation 
proceeds.
It has been observed that the polarisation curves 
obtained using a freshly prepared anode are dependant to a 
marked degree on the nature of the solution, i.e. chloride 
ion concentration and pH. Thus up to about 60 mA/cm2 in 2M 
NaCl, chlorine is discharged at low overpotentials but above 
this current density there is a rapid jump in the polarisation 
curve. In 0*5M NaCl the potential undergoes a rapid increase at 
a current density as low as 5 mA/cm2 but if the pH is reduced 
to 0*75 by addition of hydrochloric acid, the sudden increase 
in the overpotential will not occur until a current density 
of 15 mA/cm2 .
Once the current density (potential) has exceeded the 
value at which the sudden jump occurs, chlorine discharge 
occurs over the entire current density range at higher potentials 
than was the case with the freshly prepared anode.
It is clear from the experiments conducted that the^ sudden 
potential increase is related to the occurrence of an irreversible 
phenomenon at the electrode surface. The potential of 1-6-1-7V at
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which this jump occurs compares with the values obtained by other 
workers; (Gorbachev and Zhuk, Rius and Calleja, and Llopis).
The sudden potential rise is presumably associated with the 
formation of an oxide film; which is retarded by a high 
chloride ion concentration or a low pH. Anson and Lingane 
have shown that PtO and Pt02 are slowly dissolved in chloride 
solutions of low pH and thus is is suggested that below a 
potential of 1«6V the retarding influence of chloride is 
sufficient to prevent the formation of a passivating film but 
as the potential is increased oxidation rapidly occurs*
The E-log i plots for a freshly prepared anode 
possess two linear sections, one over the current density range 
below the sudden potential increase and the other at current 
densities above this value. Since the gradients of the curves 
are different it is assumed that the discharge of chloride ions 
on an oxidised platinum surface occurs by different mechanisms 
to those controlling the discharge on an oxide-free surface.
A comparison of the overpotential data obtained for chlorine 
discharge on platinum with published data on oxygen discharge, 
indicates that both reactions are likely to proceed simultaneously 
at sufficiently high current densities; certainly at the values 
that will exist on a microelectrode. It is apparent, however, 
that although, energetically, oxygen evolution should occur in 
preference to chlorine evolution, the latter is kinetically easier 
and will predominate even at very high current densities.
4) Anodic behaviour of lead peroxide in sodium chloride 
solutions.
No direct correlation was possible between overpotential 
data on smooth lead peroxide with values obtained with a bi- • 
electrode owing to the considerable differences in the surface 
areas.
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The present study has shown that chlorine discharge on 
lead peroxide apparently occurs at rather lower overpotentials 
than those required for the discharge of chlorine on platinum. 
However, despite the fact that the lead peroxide anode appeared 
to be smooth it undoubtedly possesses a greater surface area 
(due to pores etc.) than smooth platinum. Thus, once again, 
direct comparison of overpotential data would lead erroneous 
conclusions. It is evident, however, that the discharge of 
oxygen as well as chlorine on lead peroxide in sodium chloride 
solutions is only likely at high current densities.
Of particular interest is the observation that lead peroxide 
is attacked on ancdically polarising in 2M NaCl. It is believed 
that this is associated with the formation of soluble complexes 
at high chloride ion concentrations and this is confirmed by 
the observation that no lead peroxide could be produced by 
polarising a lead anode in 2M NaCl, whereas in the more dilute 
solutions studied considerable quantities of lead peroxide were 
formed.
5) Deposition of lead peroxide on to platinum from sodium 
chloride solutions containing lead ions.
The minimum potentials required for the oxidation of lead 
ions from sodium chloride solutions saturated with lead chloride 
correspond to overpotential values very similar to those obtained 
by Fleischmann and Liler using lead acetate solutions. It 
appears, therefore, as if the formation of the fi-Pb02 which is 
deposited from lead chloride solutions, occurs by a somewhat 
similar mechanism to that proposed by Fleischmann and Liler 
for the formation of a-pb02 •
The fact that the overpotentials for lead peroxide deposition 
are little influenced by the concentration of chloride ions in 
the solution, although the efficiency of deposition is greatly
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reduced with increasing chloride ion concentration, suggests 
that the primary anode reaction is always the oxidation of lead 
(either as simple ions or complex ions of tetravalent lead) 
to the quadrivalent state. This may then appear almost 
quantitatively as lead peroxide or may react in other ways.
In connection with the reduced efficiency of oxidation of
| j. M
Pb ' to lead peroxide at potentials below the Cl /Cl2 potential, 
it is considered that in solutions of high chloride ion 
concentration, the adsorption of chloride ions on to the 
platinum surface will prevent, or at least hinder, the 
adsorption of hydroxyl ions which, according to Fleischmann 
and Liler, is a necessary prerequisite for the formation of 
lead peroxide. Furthermore, since considerable quantities of 
complex lead ions of the type PbCIU are undoubtedly present 
in solutions of high chloride ion concentration a reaction of 
the type:
PbClJ” = PbCl4 + 2e 
is likely to occur at the platinum anode. The plumbic chloride 
formed may either be hydrolysed at the anode surface or may 
dissolve and then become reduced again at the cathode. These 
effects will clearly reduce the efficiency of deposition of lead 
peroxide.
The oxidation of lead ions at a platinum anode over a range 
of pH indicates that the deposition of PbaC>4 and PbOs occurs at 
potentials near the thermodynamic values. However the 
transformation Pb3 04 - PbOs requires a substantial overpotential. 
Direct comparison with the pH - potential diagram is not possible 
owing to the influence of chloride ion concentration on the 
activity of plumbous and biplumbite ions.
6) Anodic behaviour of lead-platinum bielectrodes in sodium 
chloride solutions.
The above results can be summarised as follows"
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1) The extent of mechanical passivation due to lead 
chloride formation is influenced by a) current density, 
b) chloride ion concentration, c) formation of complexes 
(under conditions where complex ions are formed the extent 
of passivation is still considerable but the onset of 
passivation is retarded slightly), d) extent of disturbance
at the anode surface. v
2) As a result of mechanical passivation, the potential
at certain points on the metal surface may be sufficient for the 
formation of lead peroxide, but this is not maintained on the 
metal surface due to the alternative reaction:
Pb++ 2Cl“ = PbCla .
In 2M NaCl, despite the fact that high potentials exist, no lead 
peroxide is formed.
3) Platinum discharges chlorine at low overpotentials
and in the process apparently becomes covered with an oxide film 
which influences the overpotentials.
4) Lead peroxide is able to discharge chlorine at low 
overpotentials but in 2M NaCl is chemically attacked.
5) Lead peroxide may be deposited on to platinum from sodium 
chloride solutions containing lead chloride, but the efficiency 
is greatly reduced with increasing chloride ion concentration.
Considering the bielectrode it is evident that the presence 
of the platinum must limit the extent of formation of lead chloride. 
The platinum and the electrolyte permeating the crystals of lead 
chloride may be regarded as conductors in parallel, and although 
initially formation of lead chloride is the sole reaction, 
the passivation of the lead will cause the potential of the 
lead and the platinum to rise sufficiently for oxidation of
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lead or chloride ions to occur.
Thus at constant current, and providing no other reaction 
occurs, e.g. oxidation of lead ions to peroxide, the system will 
reach a state of equilibrium where a proportion of the current 
maintains a passive layer and the remainder passes through the 
platinum. At this juncture it should be pointed out that if the 
concentration of chloride ions or if the current density is 
insufficient, the only electrode process which occurs is the 
corrosion of lead at low potentials* On the other hand, if 
the chloride ion concentration is high (2M NaCl) the lead is 
passivated to sunh an extent that all, or nearly all the current 
passes through the platinum- The current density on the platinum 
is, under these conditions, so high that the erosion and local 
heating at the base of the microelectrode is sufficient to cause 
it to be undermined.
Over the concentration range 0-1 - 1*3^NaCl the potential 
increases to a maximum which corresponds to the state of 
equilibrium described above. At the potential where chlorine 
is first evolved from the platinum, which from observation appears 
to occur just before the maximum potential, less current will 
pass through a small diameter microelectrode than through a 
larger one, and more cufrent will be available for the formation 
of lead chloride. Thus the maximum potential increases with 
decreasing diameter of microelectrode.
At the platinum, oxidation of plumbous ions can occur at 
potentials below that required for the oxidation of chloride 
ions but it has been shown pptentibstatically that the formation 
of lead peroxide on a bielectrode at potentials below about 
1«8V is extremely slow. However under normal conditions the 
oxidation of plumbous ions and chloride ions proceeds simultaneously.
173
Lead peroxide is initiated at the microelectrode and 
propagates over the surface of lead chloride and it is evident 
that the platinum provides a conductor on the surface of the 
anode where lead peroxide can nucleate readily without being 
undermined by an alternative electrode process. As lead 
peroxide propagates over the surface of lead chloride the 
current involved in maintaining a mechanically passivating 
film decreases, and since the platinum and lead peroxide are in 
electrical contact the predominant electrode process becomes the 
discharge of chlorine on the lead peroxide and the platinum.
It has been shown that when the anode is apparently fully 
covered with lead peroxide there is an underlying layer of 
lead chloride which, on continued polarisation, is slowly 
dissolved and converted to lead peroxide.
It has been demonstrated that lead peroxide can be formed 
on a bielectrode only within the range 0*1 - 1#3M NaCl and the 
previous considerations might suggest that this is entirely due 
to the nature of the chloride film. • The lower limit is 
undoubtedly associated with the fact that sufficient passivity 
is not obtained, and thus the anode potential never reaches a 
value at which oxidation of lead ions to lead peroxide can occur. 
On the other hand it is believed that the absence of lead 
peroxide formation above 1*3M is only partly due to the highly 
passivating nature of the lead chloride film. There is 
abundant evidence which suggests that lead peroxide is 
inherently unstable when made anodic in high concentrations of 
sodium chloride, and that deposition of lead peroxide is retarded 
with increasing chloride ion concentration.
The minimum potential to form lead peroxide on a bielectrode 
is apparently influenced by the chloride ion concentration but 
it is difficult to decide what the significance of the measured
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potentials are since the values are obviously influenced by 
the ohmic potential. Thus, should lead chloride form on the 
lead, the measured potential of the microelectrode will be 
higher than its actual value. The minimum potential to form 
lead peroxide in 0»5M NaCl is 1 *33V which is considerably higher 
than the potential required to deposit lead peroxide on to 
platinum but it is lower than the potential required to discharge 
chlorine. However, in the case of a bielectrode, polarisation 
at a potential as low as 1*337 results in lead peroxide being 
confined to the microelectrode and it does not propagate over the 
surface.
It has been shown that the microelectrode limits the formation 
of lead chloride and results in the initiation of a stable film 
of lead peroxide which, owing to the low overpotential for 
chlorine discharge on platinum, cannot be penetrated by chloride 
ions and undermined. Furthermore, once a bielectrode is in 
the fully formed state, most of the current passes through the 
lead peroxide which is in contact with the underlying lead 
and the anode can operate at high current densities and, owing 
to the low overpotentials for chlorine discharge on lead 
peroxide, low potentials.
In conclusion, it would appear that the system Pb/PbOa/Pt 
has certain similarities and certain fundamental differences 
to the system Ti/Ti02/Pt. It is apparent that the basic 
difference is the electronic conductivity of the relevant 
oxides, since titanium forms a uniform,dielectric, continuous 
film over the metal surface, whereas with the lead system, a 
coarse, irregular, crystalline deposit of high electronic 
conductivity is formed. In addition the TiOa film forms 
immediately in a direct contact with the underlying metal whereas
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PbOa forms on top of an insulating layer of lead chloride which 
is gradually replaced by lead peroxide, until the latter is in 
contact with the lead.
The important similarity between the two bielectrodes is that 
in the absence of a platinum microelectrode in chloride solutions, 
the oxides are penetrated with consequent pitting.of the 
titanium and general attack of the lead.
In the case of the titanium system, the ability of platinum 
to discharge chlorine at low overpotentials can be considered 
to prevent the potential at the TiOa/ electrolyte interface 
from increasing to a value at which the oxide is penetrated.
In the majority of conditions this potential is 12-14V.
Although no precise values can be given for the 
penetration of the far less well defined lead peroxide film 
by chloride ions, there appears to be no doubt that the platinum 
has a similar function.
176
